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Abstract
This thesis work consists of three pillars. First, the isotope dependence of long-range correla-
tion (due to, e.g. zonal ﬂow and GAMs) has been studied in the TJ-II stellarator and ISTTOK
tokamak with dual Langmuir probes. In TJ-II, it has been found that LRC slightly decreases
with isotope mass, in contrast to tokamak results. In ISTTOK, GAM amplitude has been
found to be higher in D than H dominated plasmas, in agreement with other tokamak re-
sults. Using biorthogonal decomposition (BOD), GAM and low frequency coherent modes
were separated; their spectral and spatial structure properties were studied. In addition, mea-
surements of Reynolds stress and Maxwell stress have been made using an electromagnetic
probe during L-H transition in TJ-II. Second, macroscale ﬂows and non-diﬀusive behavior
of particle dynamics have been found around magnetic islands in TJ-II and RFX-mod with
the analysis of long-range spatial and temporal correlation (Hurst exponent). In TJ-II, dur-
ing dynamic conﬁguration scan experiments, rational surfaces have been found to aﬀect the
development of long-range spatial and temporal correlation. In RFX-mod, LRC has been
detected at both sides of the m=0 island. The possible relation between long-range temporal
correlation (Hurst exponent) and the phase angle of magnetic perturbation was also studied.
Third, a new strategy for studying plasma potential asymmetries in magnetic ﬂux surface
has been developed based on edge electrode biasing and probe measurements in TJ-II.
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Chapter 1
Introduction
1.1 Energy
The world energy demand is increasing mainly due to the population and economic growth.
The continuous development of modern society requires the energy sources to be sustain-
able and environmentally friendly. However, currently over 80% of world energy comes
from fossil fuels [1], including coal, oil and natural gas etc., which are limited in reserve.
Moreover, CO2 emissions from fossil fuel combustion is the main contribution to increase
of the concentration of greenhouse gases and has an important eﬀect on climate change. It
has been reported that for our living environment the aﬀordable level of increase in global
average temperature above the pre-industrial levels is 2 ∘C, beyond which irreversible and al-
most uncontrollable catastrophic climate change is expected to take place. This increase has
already reached 0.78 ∘C [2]. Therefore, it is urgent to ﬁnd a way to reduce the energy-related
CO2 emissions. A short-term alleviation would be the development of new technologies to
reduce CO2 emissions from the fossil power plant and feasibility of large–scale CO2 stor-
age, while a long-term solution should consider the alternatives to fossil fuels. The only
candidates with suﬃcient resources to take over the fossil fuels are solar, nuclear ﬁssion and
nuclear fusion [3].
Solar energy is theoretically large and inexhaustible, but its intermittency (sunshine only
in cloudy-free daytime) and low energy density (large area required) make it hard to build
a solar power plant to produce signiﬁcant amount of base load power. Nuclear ﬁssion is
a well-established energy source and has been producing base load electricity for decades.
However, the disposal of long half-life nuclear waste and the potential accident due to the
intrinsic chain reaction of nuclear ﬁssion have long been a public concern.
Nuclear fusion holds promise for a clean and safe solution for our long-term energy needs
[3]. First, fuel reserves are abundant. For deuterium and tritium reaction, deuterium can be
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extracted from sea water; tritium does not naturally occur, but it can be bred from lithium
isotope 6Li. Second, nuclear fusion reactions emit no greenhouse gases or any other harm-
ful chemicals into the atmosphere. Third, nuclear fusion is intrinsically safe. Fusion fuel
is continuously fed into the reactor at a rate of sustaining the reaction for only a few tens
of seconds at each instant. Fusion reaction can only happen under very high temperature
and suﬃciently accurate conﬁnement ﬁeld and no chain reaction involved. Any incorrect
handling will stop the reaction.
1.2 Nuclear fusion
Protons and neutrons in a nucleus are hold together by short-range nuclear force. The energy
required to disassemble a nucleus is called binding energy. Figure 1.1 shows that the average
binding energy varies with elements; both lightest nuclei and heaviest have low average
binding energy and the nuclei with intermediate mass have highest average binding energy.
This shows that nuclear energy can be obtained by both splitting heavy nucleus (ﬁssion) and
fusing light nuclei (fusion).
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Figure 1.1. Average binding energy as a function of the mass number. Adapted from Wikipedia.com.
To achieve a fusion reaction, two nuclei need to gain suﬃcient kinetic energy to overcome
the Coulomb repulsion and reach the short-range nuclear force regime. The ﬁrst fusion
reaction was experimentally realised with a deuterium (D) beam bombarding on a deuterium
target [4], just after the discovery of deuterium (the hydrogen isotope of mass two [5]).
It was during this bombardment experiments that the third hydrogen isotope, tritium (T),
was discovered. After this accomplishment, the use nuclear fusion as an energy source was
considered. However, it was recognised that bombarding a target with an accelerated beam
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is not feasible for energy generation, because the energy used for accelerating the particle
is much larger than the energy produced by the nuclear fusion reaction and most of the
accelerated particles miss the target.
Figure 1.2. Cross-section for the reactions of D-T, D-D and D-3He [3].
It is now generally accepted that the most feasible way for eﬀective energy production
from nuclear fusion is to heat the fusion fuels to high temperature, so that particles approach
each other with strong thermal motion and nuclear reaction would take place. At such high
temperature, the fusion fuels are ionised and in a state called plasma. Figure 1.2 shows the
cross-sections (probability for nuclear reaction to occur) of diﬀerent nuclear reactions. We
can see the most promising reaction is between the deuterium and tritium producing neutron
and 𝛼 particle.
n + T ⟶ 4He (3.5MeV) + n (14.1MeV) (1.1)
The produced energy is carried as kinetic energy by neutron and the 𝛼 particle.
One of the important goal for realising fusion energy is to sustain the high temperature
condition not by external heating but by energy produced by the nuclear reaction itself. This
process is called ignition. To reach the ignition, the Lawson criteria [6] predicts that the
following condition must be met:
𝑛𝑇 𝜏𝐸 ≥ 3 × 1021keVs/m3 (1.2)
where n is the plasma density, T the plasma temperature and 𝜏𝐸 energy conﬁnement time.
This triple product suggests that for eﬀectively generating energy from nuclear fusion, plasma
need to be conﬁned at the high temperature plasma for suﬃcient long time with high density.
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There are mainly two ways towards controlled fusion energy research: magnetic conﬁnement
fusion and inertial conﬁnement fusion.
1.3 Magnetic conﬁnement
1.3.1 Plasma
A plasma is an ionised gas, in which the electrons are stripped from the ions. The separation
of positively and negatively charged particles gives rise to electric ﬁelds. Electrons are more
mobile than ions in a plasma due to the small mass of an electron. Thus small charge sep-
aration can results in the electrostatic oscillation of electrons around the background ions.
The frequency of this oscillation is called plasma frequency, 𝜔𝑝 = 𝑛𝑒
2
𝑚𝑒𝜖0 , representing a fun-
damental timescale in plasma physics. Fast movement of electrons can screen out charge
imbalance in a plasma, which makes the bulk plasma neutral. The length scale over which
the electrons screen out the charge imbalance is called the Debye length, 𝜆𝐷 = (
𝜖0𝑇𝑒
𝑛𝑒2 )
1/2
,
where n is the number density, 𝑇𝑒 is the electron temperature.
Figure 1.3. Motion of ion and electron in a magnetic ﬁeld [7].
When a charged particle move with velocity v through an electric ﬁeld E and magnetic
ﬁeldB, the electromagnetic force exerted on the charged particle is Lorentz force. Neglecting
the gravity, the equation of motion is given by:
𝑚𝑑v𝑑𝑡 = 𝑞(E + v × B) (1.3)
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In a straight uniform magnetic ﬁeld, charged particle follows a spiral motion around the
ﬁeld line ﬁgure 1.3. This motion can be decomposed into a linear motion (guiding centre)
along the ﬁeld line and a circular motion, Larmor motion, perpendicular to the ﬁeld line.
Considering the Lorentz force equation (1.3), we get the cyclotron frequency 𝜔𝑐 and Larmor
radius 𝑟𝐿 of the motion as:
𝜔𝑐 =
|𝑞|𝐵
𝑚 (1.4)
𝑟𝐿 ≡
𝑣⟂
𝜔𝑐
= 𝑚𝑣⟂|𝑞|𝐵 (1.5)
In a general electric ﬁeld E and magnetic ﬁeld B, i.e. B and E can vary in space and
time, the guiding centre of the motion may drift across the magnetic ﬁelds. Based on the
cause of the drift, the possible guiding center can be decomposed as: E×B, ∇𝐵, curvature,
and polarization drift, 𝑉𝑔 = 𝑉𝐸 + 𝑉∇𝐵 + 𝑉𝜅 + 𝑉𝑝. All these drifts basically arise due to the
change or distortion of the Larmor orbits during the gyro motion. A fundamental guiding
centre drift is the E×B: 𝑉𝐸 =
E⟂×B
𝐵2 . This is the basis for controlling small scale instabilities
in a plasma.
Figure 1.4. Charge separation caused by toroidal drift [7].
The guiding centre drifts provide an intuition for the understanding of plasma conﬁne-
ment. Due to the high mobility of charged particle along the magnetic ﬁeld, there is always
rapid end loss in an open ﬁeld line device, like in straight cylinder and ‘magnetic mirrors’.
To avoid the end loss, the main conﬁguration for magnetic conﬁnement is built into torus.
In a simple torus, vertical particle drift (e.g. due to ∇𝐵 drift) could occur and cause the
separation of charged particles. This separation then results in electric ﬁelds. The E × B
force will move the plasma outwards and degrade plasma conﬁnement. This kind of charge
separation can be compensated by helically twisting magnetic ﬁeld lines around the torus,
i.e. the total magnetic ﬁeld is formed by the combination of a toroidal component 𝐵𝜙 and a
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poloidal component 𝐵𝜃. The number of poloidal transits per single toroidal transit of a ﬁeld
line on a toroidal ﬂux surface is rational transform 𝜄/2𝜋.
𝜄
2𝜋 =
𝑑𝜓
𝑑Φ (1.6)
where 𝜓 is the poloidal magnetic ﬂux, and Φ the toroidal magnetic ﬂux. More intuitively, if
the ﬁeld lines close on themselves after n poloidal and m toroidal transits of the torus, then
𝜄 = 𝑛/𝑚.
There are basically three ways of twisting the magnetic ﬁeld, and thus creating rotational
transform [8]:
(1) driving a toroidal current;
(2) elongating the ﬂux surfaces and making them rotate poloidally as one moves around
the torus;
(3) making the magnetic axis non-planar.
Figure 1.5. Outer ﬂux surfaces (transparent blue), magnetic ﬁeld lines (light blue), and magnetic axis
(red) for tokamak, LHD stellarator, and TJ-II stellarator [9].
The magnetic conﬁguration of toroidal fusion devices distinguish from each other mainly
through the way of generating rotational transform. Tokamak and reverse-ﬁeld pinch use
the method (1). Some stellarators, for example LHD, use method (2). Some stellarators, for
example, TJ-II and W7-X use both (2) and (3). Some more advanced design, for example
NCSX, uses all three methods. Figure 1.5 shows the diﬀerent ways of generating rotational
transform.
The eﬃciency of conﬁnement of plasma pressure by magnetic ﬁeld is measured by
plasma beta, deﬁned as the ratio of the plasma pressure to the magnetic pressure.
𝛽 = ⟨𝑝⟩
𝐵2/2𝜇0
(1.7)
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1.3.2 Tokamak
Figure 1.6. (a) Components of tokamak system; (b) typical proﬁles of toroidal and poloidal magnetic
ﬁelds in a tokamak
The name tokamak originates from the acronym for the Russian words toroidalnaya
kamera magnitnaya katushka, meaning ‘toroidal chamber magnetic coils’ [10]. A toka-
mak is a toroidal magnetic conﬁnement system, which was ﬁrst built in the late 1950’s at
Kurchatov Institute. This magnetic conﬁguration is characterised by the combination of a
strong toroidal ﬁeld (𝐵𝜙) and a weak poloidal ﬁeld (𝐵𝜃). As illustrated in the ﬁgure 1.6,
the strong toroidal ﬁeld is generated by the toroidal ﬁeld coils along the torus, whereas the
poloidal ﬁeld is generated by the plasma current ﬂowing along the torus. The plasma current
are induced by a centre transformer; the plasma itself represents the secondary circuit. At
the same time, plasma current also plays a role for Ohmic heating. In a tokamak, the twisting
of magnetic ﬁeld is measured by safety factor 𝑞 = 𝑟𝐵𝜙𝑅𝐵𝜃 , which relates to rotational transform
through 𝑞 = 2𝜋/𝜄.
The tokamak conﬁguration is axisymmetric. The magnetic ﬁeld lines are in principle
uniform in the toroidal direction, except some small ripple ﬁelds from the separation of coils.
The axisymmetry is a great advantage of tokamak conﬁguration. Because this axisymmetry,
the plasma conﬁnement theory on tokamak has been well developed. [11]
Tokamak is the main conﬁguration under investigation for fusion energy. The highest
plasma parameters have been reached in tokamaks. The JET and TFTR tokamaks are the
ﬁrst devices which have achieved D-T fusion reactions. The largest fusion device ITER is
being built as a tokamak. The roadmap to a feasible fusion reactor based on the tokamak
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line is already established, while alternate concepts exist which may allow for further im-
provement. In this respect, the stellarator concept oﬀers a route to a fusion power plant with
unique capabilities: steady state operation, absence of plasma disruptions and high density
operation.
1.3.3 Stellarator
In a stellarator, the rotational transform is produced by the helical ﬁelds generated by external
coils [11]. This concept was ﬁrst developed 1950s by Lyman Spitzer in Princeton[12]. The
main advantage of stellarator is that it has potential to run plasmas in a steady state, because
no plasma currents are needed for the generation of the poloidal magnetic ﬁelds. Then it
does not have to suﬀer from disruptions of a toroidal plasma current. Figure 1.7 shows an a
schematic of the magnetic coils of the stellarator Wendelstein 7-X, the largest stellarator in
operation.
Figure 1.7. Schematic of the magnetic coils (blue) and magnetic ﬁeld (green) in W7-X.
In a device without toroidal plasma current, Ampere’s law implies that the integral of 𝐵𝜃
on a contour around the minor axis on each magnetic ﬂux surface should vanish,
∮B ⋅ 𝑑s = 0 (1.8)
.
This condition suggests that the poloidal ﬁeld must change sign and magnitude along the
contour and the ﬁeld lines in a stellarator cannot wrap monotonically around the torus as in
a tokamak. Instead, the magnetic ﬁeld lines progress back and forth in the poloidal direction
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as shown in ﬁgure 1.8. Therefore the stellarator magnetic ﬁeld structure is a series of ‘M’
shape units, called the ﬁeld periods. In each period, the magnetic ﬁeld lines rotate in the
poloidal direction [11].
B
φ
θ
Figure 1.8. Illustration of stellarator magnetic ﬁeld line on a ﬂux surface, 𝜃: poloidal angle, 𝜙:
toroidal angle.[11].
Compared with the axisymmetric tokamak, stellarators have approximately an order of
magnitude more degrees of freedom in external magnetic ﬁelds[13]. Therefore, the stellara-
tor conﬁgurations can be subdivided into diﬀerent groups:
Classical stellarators l-fold poloidal symmetry is produced by 2l helical windings with al-
ternating direction of current ﬂow. Toroidal ﬁeld coils are used to produced toroidal
ﬁelds. This conﬁguration is highly ﬂexible, but the large alternating forces between
the toroidal ﬁeld coils and helical windings make the design of large scale experiments
diﬃcult.
Heliotron/Torsatron By changing the alternating direction of the current ﬂow in the helical
windings into unidirectional, i.e. the l-fold poloidal symmetry is produced by l helical
windings, the stellarator becomes a heliotron, e.g. LHD. Since all current ﬂow in the
same direction, net toroidal ﬁeld can also be produced. If the external toroidal ﬁeld
coils is eliminated, the helitron transforms into a torsatron, e.g. TJ-K. With careful
design, a torsatron has potential to be made force-free.
Modular stellarator In this conﬁguration, both toroidal and poloidal ﬁelds are produced by
a system of discrete modular coils [14], e.g. Helically Symmetric Experiment (HSX).
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Heliac A Heliac is a helical axis stellarator, in which the magnetic axis (and plasma) follows
a helical line to form a toroidal helix rather than in one plane, e.g. TJ-II.
Helias A helical advanced stellarator, using an optimized modular coil set designed to si-
multaneously achieve high plasma, low Pﬁrsch-Schluter currents and good conﬁne-
ment of energetic particles; i.e. alpha particles for reactor scenarios, e.g. Wendelstein
7-X.
The successful start of the scientiﬁc exploitation of W7-X [15] is the ﬁrst step towards
bringing the stellarator to maturity as foreseen in the European Union roadmap.
Although the large degree of freedom in external magnetic ﬁelds makes it more diﬃcult
to design acceptable coils for stellarators than for the axisymmetric tokamak, it also oﬀers
large potential to optimise the coils [16, 17].
1.3.4 Reversed ﬁeld pinch
Figure 1.9. Schematic of the reversed ﬁeld pinch magnetic ﬁeld conﬁguration.
The Reversed ﬁeld pinch (RFP) is an axisymmetric toroidal conﬁnement system [18].
RFP is characterised by its reversal of the toroidal component of magnetic ﬁeld at the edge,
as shown in ﬁgure 1.9. The feature makes the RFP attractive for magnetic fusion is the weak
applied toroidal magnetic ﬁeld.
1.4 Plasma turbulence and transport 13
The RFP conﬁguration is obtained by driving a toroidal electrical current in a plasma em-
bedded in a toroidal magnetic ﬁeld, but the applied toroidal ﬁeld is 10 – 100 times weaker.
In a RFP device, a central solenoid is used to provide the loop voltage for triggering the dis-
charge and driving a current in the conﬁned plasma. A small toroidal bias ﬁeld is embedded
in the vacuum chamber. A large toroidal current is then ramped up which compresses both
the plasma and the toroidal bias ﬁeld. The plasma is heated by ohmic heating. The plasma
temperature rises with the current raises. At the end of the current ramp, both of the toroidal
and poloidal magnetic ﬁelds reach comparable magnitudes. Because most of the toroidal
magnetic ﬂux is trapped and compressed within the plasma, only a small residual toroidal
ﬁeld remains at the plasma edge. This ﬁeld spontaneously reverses at the edge, which gives
the names ‘reversed ﬁeld’ pinch.
RFP equilibrium is a minimum energy relaxed state and can be explained on the basis
of Taylor’s relaxation theory [19]. Two dimensionless parameters are usually introduced to
describe the RFP equilibrium, the pinch parameter Θ and the reversal parameter F:
Θ = 𝐵𝜃(𝑎)
⟨𝐵𝜙⟩
𝐹 =
𝐵𝜙(𝑎)
⟨𝐵𝜃⟩
(1.9)
where ⟨𝐵𝜙⟩ is the average of 𝐵𝜙 over the poloidal section. Θ measures how much plasma
and the magnetic ﬁeld are pinched inside the torus, while F measures how much the toroidal
ﬁeld is reversed at the edge. In the RFP the reversal parameter F is always negative and the
value Θ is usually high, while in tokamak the contrary is the case, F is positive and the Θ
value is low.
1.4 Plasma turbulence and transport
1.4.1 Fluid Turbulence
In principle, all ﬂuid motions are govern by Navier-Stokes equation, which is derived based
on the application of Newton’s second law to a ﬂuid and continuity assumption. This does
not necessarily mean that all ﬂuid behaviours can be predicted by this equation. Consider
the Navier–Stokes equation for a viscous, incompressible ∇ ⋅ u = 0 and homogeneous ﬂow
as:
𝜕u
𝜕𝑡 + (u ⋅ ∇)u = −∇(𝑝/𝜌) + 𝜇∇
2u (1.10)
where u is the velocity vector, 𝜌 the density, 𝑝 the pressure and 𝜇 the viscosity of the ﬂuid.
The nonlinear term (u ⋅ ∇)u represents the convective acceleration and is also called inertia
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term. 𝜇∇2u is dissipation term. In ﬂuid dynamics, if the dissipation term dominant, the
disturbance in the initial condition is damped, the ﬂuid behaves as a laminar ﬂow. If, on
the other hand, the inertia term dominates, the initial disturbance will experience continuos
ampliﬁcation, the ﬂuid became turbulent. The ratio of the inertia term to the viscous force
deﬁnes the Reynolds number:
𝑅𝑒 ∼
(u ⋅ ∇)u
𝜇∇2u
(1.11)
When the𝑅𝑒 exceeds some critical value, the solution of the Navier-stokes equation becomes
unstable. The disturbance of the steady ﬂow can grow due to the inertia, thus causing insta-
bility. For large 𝑅𝑒, the development of instabilities leads to a strongly ﬂuctuating state of
turbulence. Although in any one realisation the Navier-stokes equation is deterministic, over
many realisations (repeat the measurement many times or measurements over longer time in
a steady ﬂow) the ﬂuid dynamics is chaotic.
The turbulent velocity may be decomposed into the mean and ﬂuctuating parts.
u = ū + ũ (1.12)
Substitute this decomposition into the Navier-stokes equation, the nonlinear term gives rise
to a turbulent quantity 𝜌 ⟨ ̃𝑢𝑖 ̃𝑢𝑗⟩, called Reynolds stresses. Turbulence is coupled to mean
ﬂow through Reynolds stress.
The motion of the ﬂuctuating parts form the basic elements of turbulence, eddies (or
vortices). The size of an eddy is around the distance over which the velocity varies sig-
niﬁcantly. This distance can be quantiﬁed by the velocity correlation in separated points
𝐶𝑖𝑗(r) = ⟨ ̃𝑢𝑖(x) ̃𝑢𝑗(x+r)⟩, which is a generalisation of Reynolds stress and introduced ﬁrst
introduced by Taylor[20]. Vorticity 𝜔 = ∇ × u is an important concept in description of
turbulence.
In three-dimensional (3D) turbulence at large Reynolds number, ﬁrst, the inertial insta-
bilities break up the mean ﬂow and generate the largest eddies. Then, the large eddies them-
selves subject to inertial instabilities further breaking up and transferring energy into smaller
eddies and so on. Through vortex stretching, energy passes from large eddies to small eddies
without dissipation. This process is called energy cascade, as illustrated in ﬁgure 1.10 (a).
The turbulent motion is considered the superposition of turbulent eddies of diﬀerent sizes
at each instant. Because of the dominance of inertia term, energy dissipation is negligible
during the energy cascade. The energy spectrum is given by Kolmogorov’s ﬁve-thirds law
[21]:
𝐸(𝑘) = 𝐶𝜖2/3𝑘−3/5 (1.13)
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where 𝜖 is the rate of cascade of kinetic energy per unit mass, k is the wavenumber. En-
ergy dissipation becomes important when the eddy reach the smallest value so that the 𝑅𝑒
becomes small (𝑅𝑒 ≈ 1) and the viscous term play an important role. From dimensional
analysis, Kolmogorov found smallest scale:.
𝜆0 = (𝜈3/𝜖)
1
4 (1.14)
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Figure 1.10. Illustration of the energy spectra for (a) 3D turbulence cascade and (b) 2D turbulence
cascade.
In two-dimensional (2D) turbulence,i.e. u(x, y) = (𝑢𝑥, 𝑢𝑦, 0), the vorticity is perpendicu-
lar to the 2D plane of ﬂuid motion (u ⋅w = 0) and there is no vortex stretching ((w ⋅∇)u = 0).
Before dissipation, vorticity is only advected and conserved. In contrast to 3D turbulence,
dissipation now set the energy decay rate, not just the dissipation scales, because vorticity
can no longer grow to balance viscosity reduction via vortex stretching. Vorticity structures
cascade to smaller scales via the development of vortex sheets. This process is enstrophy
cascade. The average energy remains constant, while vorticity decays. This implies if the
energy is injected into the ﬂow at constant rate at some intermediate range, the spectrum
must be depleted large k (enstrophy direct cascade) but also ﬁlled at low k (energy inverse
cascade), as illustrated in ﬁgure 1.10 (b). Following Kolmogorov’s dimensional analysis,
Kraichnan found the spectrum of this dual cascade [22]; the inverse energy cascade:
𝐸(𝑘) = 𝐶𝜖2/3𝑘−3/5 (1.15)
the enstrophy cascade:
𝐸(𝑘) = 𝐶′𝜂2/3𝑘−3 (1.16)
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where C and C’ are constants, 𝜖 is the rate of cascade of kinetic energy per unit mass, 𝜂 is
the rate of cascade of mean-square vorticity.
Although, strictly speaking, 2D turbulence does not really occur in nature, some ﬂows
have the properties of quasi-2D, for example, plasmas in a strong magnetic ﬁeld. The gen-
eration of large scale zonal ﬂow in magnetic fusion plasma seems to relate inverse energy
cascade [23].
1.4.2 Plasma turbulence and conﬁnement
Conﬁned thermonuclear plasma is far from equilibrium, due to strong external drives that
maintain steep gradients in the plasma parameters. The most obvious relaxation mechanism
is via Coulomb collisions; in toroidal devices the resulting particle and energy ﬂuxes are
described by neoclassical transport theory. However, the plasma can also relax towards
equilibrium through various types of instabilities: macro-instabilities and micro-instabilities.
Whereas there are magnetic conﬁgurations that are stable to macro-instabilities it is likely
that not all micro-instabilities can be stabilised.
Experimentally observed transport does not, in general, agree with calculated (neoclas-
sical) values. In particular, electron energy transport can be over two orders of magnitude
larger than the predictions from neoclassical theory; transport is anomalous. The heat and
particle transport in fusion plasmas is generally due, in part, to turbulent process associated
with small-scale instabilities driven by the inhomogeneity of density and temperature pro-
ﬁles in the direction normal to the magnetic surfaces. The magnitude of turbulent transport
is probably the dominant parameter aﬀecting the global conﬁnement properties and hence
the economical performance of a fusion reactor. Therefore, understanding the physics of
anomalous transport in fusion devices remains one of the key issues in magnetic fusion re-
search.
In the plasma edge region, turbulent transport is mainly due to two instabilities: the drift
instability and the interchange instability.
Interchange instabilities
Figure 1.11 shows the way in which pressure gradient instabilities (‘interchange instability’)
can develop in the plasma edge region in the presence of a magnetic ﬁeld which comes out
of the page and decreases with the distance to the plasma boundary (Figure 1.11(a)). In Fig-
ure 1.11(b), the plasma has developed a sight hump; the ions and electrons drift in opposite
directions under the inﬂuence of the inhomogeneous magnetic ﬁeld resulting in an electric
ﬁeld (Figure 1.11(c)). Under the combined inﬂuence of this electric ﬁeld and the magnetic
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Figure 1.11. Schematic of the development of interchange instability in a toroidally conﬁned plasma
[24]
.
ﬁeld the small bump will tend to grow creating an unstable situation in the plasma region in
which the magnetic ﬁeld intensity decreases as one moves radially out of the plasma bound-
ary region. As a consequence of this mechanism, strong poloidal asymmetries are expected
in the amplitude of ﬂuctuations and turbulent transport, the maximum corresponding to those
regions where the magnetic ﬁeld intensity decreases as one moves away from the plasma.
Drift wave turbulence
Drift waves are low frequency (compared to the ion cyclotron frequency𝜔𝑐𝑖) waves driven by
gradients in ion and electron pressure gradients. The drift wave is stable if electron establish
̃𝜙 according to Boltzmann relation without delay (‘adiabatic response’). Because of the low
inertia, electrons ﬂow rapidly along the ﬁeld lines, generating an electric ﬁeld parallel to
magnetic ﬁeld in order to establish force balance along the magnetic ﬁeld given by,
𝑛𝑒𝐸∥ + ∇∥𝑃𝑒 = 0 (1.17)
where 𝑃𝑒 is the electron pressure, E is the electric and ∥ represents the direction along mag-
netic ﬁeld. Linearisation leads to a relation between the perturbed electron density ̃𝑛𝑒, and
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electrostatic potential 𝜙
̃𝑛𝑒
𝑛𝑒
= 𝑒𝜙𝑇𝑒
(1.18)
If a small perturbation in the ion and/or electron pressure gradient should occur, then the
corresponding diamagnetic currents will developed a perturbed response [25]. Under the
constrains that plasma is quasi-neutral and the divergence of the total perturbed current must
vanish, a corresponding perturbed parallel current will be developed. Due to their small in-
ertia, electron motion parallel to the magnetic ﬁeld eﬀectively generates this current. The
resulting perturbations propagate predominantly in the ion and electron diamagnetic drift
directions and are known as ion and electron drift waves. In the absence of dissipation of
the parallel electron motion (i.e. adiabatic limit) the resulting drift wave density ﬂuctua-
tions will be in phase with the wave plasma potential ﬂuctuations. If the electrons loses
momentum to the background plasma as they move along to the magnetic ﬁeld, the resulting
dissipation will cause a delay of the response of the electron density to the plasma potential
perturbation. As a result the potential perturbations are phase shifted relative to the density
perturbation (i.e. non-adiabatic response). Figure 1.12 illustrates the mechanism of electron
drift waves. The non-adiabatic response can occur via diﬀerent processes including colli-
sions, magnetic ﬂutter or wave-kinetic eﬀects. Examples of electron drift waves are: Trapped
electron instabilities (TEM) caused by trapped electron dynamics and electron temperature
gradient instabilities (ETG) caused by parallel compressibility (slab) or magnetic curvature
(toroidal) [26].
Drift wave can also be due to ion mobility. In general, ion drift wave instabilities are
caused by the impediment in the perpendicular ion motion. This impediment can result in
the phase shift between density and potential ﬂuctuations, even if the electron dynamics is
adiabatic. An important ion drift wave is ion temperature gradient (ITG) instabilities. Drift
waves can not be described in the framework of standard MHD; at least a 2-ﬂuid description
is needed.
1.4.3 Turbulence control: E×B sheared ﬂow
Turbulence reduction by E × B sheared ﬂow is an important discovery in fusion research[27].
The mechanism for turbulence suppression by sheared ﬂow can be explained by the ﬂow-
induced decorrelation of turbulence. A large radial gradient in the radial electric ﬁeld (𝐸𝑟)
can cause strong shear in the particle (𝐸𝑟 × 𝐵) drift velocity. This strong shear tears apart
the coherent cellular pattern of the unstable turbulence modes. The turbulence decorrela-
tion time is inversely proportional to the radial gradient of the radial electric ﬁeld, 𝜏𝑐 ≈
B(dEr/dr)−1. On the other hand, the decorrelation time due to background diﬀusion is esti-
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Figure 1.12. Mechanism of drift wave: the perturbed electric ﬁeld directs from ̃𝑛 > 0 region to ̃𝑛 < 0
region. The associated E×B drift enhances the density in the less dense regions and reduces it in the
more dense regions, causing the density and potential perturbations to oscillate in time and results in
a drift wave propagating in the y direction [10].
mated by 𝜏𝑏 ≈ 𝐿2𝑐 /𝐷, where𝐿𝑐 is the radial scale length of ﬂuctuations and D is the diﬀusion
coeﬃcient. When 𝜏𝑐 < 𝜏𝑏, the sheared ﬂow reduces the radial scale (correlation length) of
the ﬂuctuations, and reduce the level of anomalous transport. This mechanism for reduc-
ing turbulent transport was proposed to explain the transition to the high conﬁnement mode
(H-mode).
r
v=E/B
Figure 1.13. Eﬀect of E×B sheared ﬂow on a turbulent convective cell.
Figure 1.13 shows the mechanism of E ×B sheared ﬂow on a turbulent convective cell.
The radial force balance [28]:
𝐸𝑟 =
1
𝑍𝑖𝑒𝑛𝑖
𝜕
𝜕𝑟𝑝𝑖 − 𝑢𝜃𝑖𝐵𝜑 + 𝑢𝜑𝑖𝐵𝜃 (1.19)
20 Introduction
Poloidal and toroidal ﬂows play a crucial role in the development of radial electric ﬁelds
and in the control of turbulence transport via sheared ﬂows. Large electric ﬁeld in the trans-
port barrier is sustained by pressure gradient. However, in stellarator the role pressure gra-
dient and mean ﬂows in supporting electric ﬁeld in high conﬁnement is under investigation.
Recent experimental results suggest that mean ﬂow (zonal ﬂow) may play important role.
This represent a alternative route to high conﬁnement mode [29].
Several mechanisms can contribute to mean ion ﬂow generation: Reynolds stress, exter-
nal biasing, injected radio-frequency waves, ion orbit loss, non symmetric transport. Among
these mechanism, zonal ﬂow ﬂow general through Reynolds stress is an topic of high interest
for fusion community.
1.4.4 Zonal ﬂows
Zonal ﬂow is𝐸×𝐵 ﬂow toroidally (n=0) and poloidally (m=0) symmetric but radially vary-
ing electric potential ﬂuctuation with nearly zero frequency. Generation of zonal ﬂow was
ﬁrst predicted by Hasegawa, as a result of inverse energy cascade. The prediction is based
on Hasegawa-mima equation. Dual cascade of turbulent spectrum is predicted. This dual
cascade is similar to 2D ﬂuid turbulence [23]. Sheared ﬂow can generated by the turbulence
itself based on so-called predator-prey model [30]. The sheared ﬂow relates to turbulence
through turbulence induced Reynolds stress.
Momentum balance equation for zonal ﬂow generation is given by:
𝜕⟨𝑉𝜃⟩
𝜕𝑡 = −
𝜕
𝜕𝑟(⟨
̃𝑉𝑟 ̃𝑉𝜃⟩ −
1
𝜌𝑚𝜇0
⟨ ̃𝐵𝑟 ̃𝐵𝜃⟩) − 𝜇⟨𝑉𝜃⟩ (1.20)
where ⟨ ̃𝑉𝑟 ̃𝑉𝜃⟩ is Reynolds stress, the electrostatic components of turbulence-induced stress;
1
𝜌𝑚𝜇0 ⟨ ̃𝐵𝑟 ̃𝐵𝜃⟩ is Maxwell stress, the magnetic component; 𝜇⟨𝑉𝜃⟩ is the viscous damping term.
The ﬁrst measurement Reynolds stress and demonstration its capability of driving poloidal
ﬂow was done in ISTTOK [31] with Langmuir probe. It was also found Reynolds stress is
important in L-H transition [32]. Gyro-kinetic simulation conﬁrms zonal ﬂow generation by
turbulence consistent with Hasegawa-Mima theory [33]. The ﬁrst experimental detection of
zonal ﬂow was conducted in CHS [34].
Geodesic acoustic mode (GAM) is a type of zonal ﬂow which was ﬁrst predict in [35].
The ﬂow structure (or radial electric ﬁeld) of GAM is symmetric around the magnetic axis,
i.e. m=n=0. However, the density ﬂuctuation of GAMs is poloidally asymmetric with m=1,
n=0. No signiﬁcant density ﬂuctuation is expected for stationary zonal ﬂows. The ﬁrst
identiﬁcation of GAMs was conducted in HL-2A [36]. A review of the theory of zonal ﬂow
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can be found in [37]. A review of the progress of zonal ﬂow experiments can be found in
[38].
y=y1
y=0
y=-y1
Figure 1.14. Illustration of a ﬂow with some hypothetical pattern producing a convergence of mo-
mentum into the mid-channel [39].
Another mechanism for ﬂow generation from turbulent events (structures) is through
eddy tilting [40]. The energy exchange between turbulence and mean ﬂow may be interpreted
in term of eddy viscosity, which is associated with the momentum ﬂux perpendicular to the
mean ﬂow direction [39]. If eddies transfer momentum from the high velocity region to low
velocity region, the viscosity is positive and results in a decrease of shear. If the ﬂux on
the opposite direction, the turbulent ﬂow exhibits negative viscosity. In this case, energy is
transferred from turbulence to the mean ﬂow and increase the shear, thus facilitating sheared
ﬂow development. Several conditions are required to achieve negative viscosity [40]. First,
eddies which transport the momentum contrary to the gradient of mean ﬂow must have a
supply of turbulent kinetic energy. Second, the mean ﬂow should experience some form of
braking (e.g. positive viscosity) so that its value does not increase without limit. However,
this braking should be low enough to allow the generation of diﬀerential rotation. Third,
some kind of turbulent irregularity must be present. An illustration of ﬂow generation by
turbulence is shown in ﬁgure 1.14 [39]. The elliptical circulation and the systematic tilts of
their major axes can be expressed as gradients in quadratic terms of ﬂuctuating velocities
(𝑑 ⟨ ̃𝑣𝑖 ̃𝑣𝑗⟩ /𝑑𝑟𝑖) [40].
Zonal ﬂows and mean sheared ﬂows both have the capability to reduce turbulence. But
they are diﬀerent in scales, mean sheared ﬂows are macroscopic and zonal ﬂows are in meso-
scopic scale. Comparison of zonal ﬂow and sheared mean ﬂow is shown in ﬁgure 1.15 [7].
Interaction between zonal ﬂow and sheared mean ﬂow has been studied through simulation
[41] and experiments [42, 43].
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Figure 1.15. Comparison of zonal ﬂow and sheared ﬂow [7].
1.4.5 Isotope eﬀect
In a magnetised plasma, isotope eﬀect is referred to as the contradiction between experimen-
tal observation and theoretical prediction on the isotope dependence of plasma conﬁnement.
It has been observed in most fusion devices that deuterium-dominated plasmas have an im-
proved conﬁnement against the hydrogen-dominated ones [44]. It has also been observed
that the plasma conﬁnement of D-T plasmas is better than D plasmas [45]. Interestingly,
isotope eﬀect seems to be weaker in stellarators than in tokamaks [46].
Standard transport theories fail when predicting isotope eﬀect. Classical transport is
based on collisions and modelled by random walk, therefore, the step size of transport is
Larmor radius. Considering neoclassical theory, the step size is the banana width, which is
also proportional to the Larmor radius. Both theories predict deterioration of plasma con-
ﬁnement with increasing isotope mass. More reﬁned theory considering plasma turbulence
predicts gyro-Bohm scaling, which is also wrong in predicting isotope eﬀect. This contra-
diction between the experiments and theories has been a mystery for the fusion community
for more than 30 years.
Furthermore, considering the present ITER power capabilities (in the range of 70 MW),
a reduction of the L-H power threshold (PL−H) with ion mass (D vs. H) would have great
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impact on ITER plasma operation scenarios. The PL−H power threshold deduced from em-
pirical scaling laws is suﬃcient to deﬁne the minimum Pinput required for ITER operation.
Experimental studies have shown a reduction of the L-H power threshold by about 50%
when using Deuterium and He instead of Hydrogen [47]. Thus, better understanding of the
dependence of the L-H power threshold on isotope mass is urgently needed to improve our
conﬁdence in ITER scenarios.
Therefore, two diﬀerent approaches have been explored to investigate and understand ion
mass dependences of conﬁnement and transport (table 1.1) [29]:
An engineering approach use of empirical control parameters like ion mass and magnetic
conﬁguration to get the optimum plasma conditions for achieving the minimum L-H
power threshold in ITER and conﬁnement optimisation.
A basic physics approach basic understanding of underlying mechanisms including: Role
of ion mass on turbulence (Gyro-Bohm-like scaling), role of ion and electron trans-
port channels, interplay between long (neoclassical) and short scale (turbulent) radial
electric ﬁelds,  stability and role of plasma proﬁles and Zeff, inﬂuence of ion mass on
zonal ﬂows and GAMs and role of atomic physics mechanisms. Studies in tokamaks
and stellarators have provided experimental evidence for the importance of multi-scale
physics to unravel the impact of the isotope eﬀect on transport.
1.4.6 Impurity transport
Particle and impurity transport are usually described empirically in terms of diﬀusive and
convective terms driven by neoclassical and turbulence mechanisms. In the framework
of neoclassical mechanisms in tokamaks, the main ion density gradient (inwards) and the
ion temperature gradient (outwards at low collisionality, otherwise known as temperature
screening) are responsible for opposite convective ﬂuxes. In non-axisymmetric devices the
sign of the radial electric ﬁeld is expected to play a dominant role in the convection of impu-
rities. Thus, by standard neoclassical theory, high inward radial electric ﬁelds are foreseen
to enhance inward impurity convection in stellarators. As a consequence high density (ion
root operation) shows a tendency for impurity accumulation [63]. Interestingly, eﬃcient
impurity control has been achieved in non-axisymmetric plasma regimes with inwards ra-
dial electric ﬁeld in high-density H-mode plasmas in the W7-AS stellarator [64] and in the
so-called impurity hole regime in the LHD helical device [65]. In both cases the underlying
mechanisms remain unknown. Those results show that, indeed it is possible the simultane-
ous achievement of improved energy conﬁnement with low impurity accumulation which is
a necessary condition for the development of fusion reactor relevant scenarios.
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Table 1.1. Approaches to investigate and understand ion mass dependences of conﬁnement and
transport in tokamaks and stellarators [29].
Isotope eﬀect: transport
and L-H transition Approach and Validation (tokamaks vs stellarators)
Empirical actuators
• Key empirical question: What are the optimum conﬁgura-
tion and plasma conditions for achieving minimum L-H power
threshold in the ITER non-nuclear / nuclear phases?
- Ion mass (H/D/He) - ITPA scaling laws
- Magnetic conﬁguration - Tokamak vs Stellarators, RMPs, X-point location
- Perturbative eﬀects - e.g. MHD eﬀects
Towards basic
understanding
• Role of ion mass on turbulence: Gyro-Bohm-like scaling in
tokamaks [48] and stellarators[49].
• Transport: Ion vs electron transport [50].
• Interplay between neoclassical and anomalous mechanisms:
Role of neoclassical Er and interplay with short radial scale
Er in tokamaks [43] and stellarators [51–53, 42].
• Stability: Pedestal stability can be aﬀected via a relative shift
of temperature and density proﬁles [54] and role,of Zeff [55].
• Role of ion mass on Zonal Flow (ZF) and GAMs: Amplitude
of large-scale ﬂows vs ion mass in tokamaks [56, 57] and stel-
larators [49, 58]. GK simulations [59, 60].
• Role of atomic physics: Boundary conditions (ioniza-
tion/charge exchange) [61, 62]
Signiﬁcant progress has been reported regarding the physics understanding of empirical
actuators, like ECRH / ICRH core heating, to avoid impurity accumulation, including the
following mechanisms:
• A reduction of the background density gradient, leading to a reduction of the inward
(neoclassical) convection of impurities in tokamaks and stellarators.
• An increase of turbulence level in both tokamaks [66] and stellarators [67].
• The ampliﬁcation of core temperature screening, which would be relevant in core 𝛼-
heating regimes in tokamaks.
• Modiﬁcation of the neoclassical radial electric ﬁelds in stellarators.
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• The development of core plasma potential ﬂux surface asymmetries which due to its
3D structure is expected to be stronger in stellarators than in tokamaks.
Figure 1.16. Simulation of potential asymmetry in ECRH plasma in TJ-II [68].
It has been predicted that impurity accumulation is aﬀected by 3D asymmetries [69]. Di-
rect experimental observations of electrostatic potential variations within the same magnetic
ﬂux surfaces have been reported both in electron and ion root regimes in the TJ-II stellarator
[68, 70]. Signiﬁcant asymmetries are observed in electron-root wave-heated plasmas, which
are reduced in ion-root beam-heated conditions and when the electron temperature decreases.
The order of magnitude (in the order of tens of volts) as well as the observed dependencies
on the electric ﬁeld root are well reproduced by neoclassical Monte Carlo calculations ﬁgure
1.16 , thus improving conﬁdence in impurity transport predictions. More recently, we have
investigated the simultaneous matching of potential proﬁles and the amplitude of potential
modulation induced by biasing in ion-root plasma regimes, concluding that plasma potential
asymmetries are ubiquitous in the TJ-II stellarator. It remains an open question how these
regimes extrapolate to plasmas with higher temperatures and lower collisionality.
The unique capabilities of the dual HIBP system allows the investigation of multi-scale
mechanisms to be expanded from the plasma edge to the plasma core in the TJ-II stellarator.
Experiments with combined NBI and ECR heating have shown direct experimental evidence
of the inﬂuence of ECRH on turbulent mechanisms, increasing both the level of ﬂuctuation
and the amplitude of Long-Range-Correlations (LRC) as proxy of Zonal Flows for potential
ﬂuctuations but not for density and poloidal magnetic ﬂuctuations as well as aﬀecting neo-
classical radial electric ﬁelds. Whereas ECRH inﬂuences the level of ﬂuctuations in a wide
range of plasma densities, ECRH induced reversal of the neoclassical radial electric ﬁeld has
been observed only in low-density plasmas [67].

Part II
Methodology

Chapter 2
Experimental methods
This chapter includes introduction to the fusion devices TJ-II stellarator, ISTTOK tokamak
and RFX-mod reversed ﬁeld pinch, and probe diagnostics.
2.1 Experimental setup in TJ-II
TJ-II is a four-period helical-axis stellarator (also called heliac) with an average major radius
of ⟨𝑅⟩ = 1.5𝑚 and average minor radius of ⟨𝑎⟩ ≤ 0.22𝑚. TJ-II is located at CIEMAT in
Madrid and started operation in 1997.
Figure 2.1. Top view of TJ-II
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Figure 2.2. TJ-II Coil system. Red: central coils. Yellow: helical coil. Blue: 32 toroidal coils.
Green: vertical coils. Brown and green: radial coils. (Adapted from FusionWiki)
Figure 2.2 shows the coil system of TJ-II. The toroidal ﬁeld is created by 32 toroidal coils.
An important feature of TJ-II is that it equips with a toroidally directed central coil closely
ﬁtted with a l = 1 winding helical coils. Separately controllable currents in the hard core
windings gives the device its unique ﬂexibility to vary the rotational transform, shear and
magnetic well in a wide range. The main helical ﬁeld is produced by the central coil (CC),
helical coil (HX), and TF coils. The vertical ﬁeld coils (VF) allow positioning the magnetic
axis. The magnetic conﬁguration is deﬁned by the currents ﬂowing through the coils CC,
HX, and VF, usually labelled as ICC_IHX_IVF (in 100 A). The TJ-II main parameters are
summarised in table 2.1.
TJ-II uses two methods for heating: Electron Cyclotron Resonance Heating (ECRH)
and Neutral Beam Injection (NBI). The ECRH system includes two gyrotrons heating with
f = 53.2 GHz 2nd harmonics X-mode polarisation and power of PECRH = 2 × 300 kW. The
NBI system has two injectors and provides power of PNBI = 2 × 1 MW (co and counter 700
kW port-through at 33 kV). In TJ-II the ECRH plasma can usually reach the plasma den-
sity ne ∼ 1 × 1019 m−3 and Te ≃ 1 keV. The NBI plasma can reach ne ∼ 4 × 1019 m−3 and
Te = 250 − 300 eV.
2.2 Experimental setup in ISTTOK
ISTTOK is a small-size, large aspect ratio circular cross-section tokamak with a poloidal
graphite limiter and an iron core transformer [72]. It has a major radius of 46 cm and a
minor radius of 8.5 cm, and can reach maximum toroidal magnetic ﬁeld of 2.8 T. ISTTOK is
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Table 2.1. TJ-II parameters [71]
Design parameters
Major radius 1.5 m
Average magnetic ﬁeld 1 T
Number of periods 4
Number of TF coils 32
TF coil radius 0.425
TF coil swing 0.2825 m
TF coil current (nominal 1 T) 234 kA
l=1 helical coil swing 0.07 m
VF coil radius 2.25 m
VF coil height +0.75
Maximum I_CC -280 kA
Maximum I_HX -200 kA
Maximum I_VF 200 kA
Calculated Ranges
Range of rotational transform at magnetic axis 0.96∼2.5
Range of plasma average radius 0.10∼0.25 m
Shear range -1∼10 %
Magnetic well depth range 0∼6
located at Instituto Superior Técnico (IST) in Lisbon and stated operation in 1991. A picture
of ISTTOK is shown in ﬁgure 2.3. The parameters of a typical discharge in ISTTOK are
shown in table 2.2.
Figure 2.3. ISTTOK tokamak
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Table 2.2. ISTTOK discharge parameters
Parameters Values
Plasma current ∼ 7𝑘𝐴
Discharge duration ∼ 45𝑚𝑠
Plasma density at r=0 ∼ 5 × 1018𝑚−3
Electron temperature at r=0 ∼120 eV
CIII ion temperature at r=0 ∼ 100 𝑒𝑉
Energy conﬁnement time ∼ 0.8𝑚𝑠
Beta at r=0 ∼ 0.6%
Safety factor q(0) ∼ 1q(a) ∼ 5
2.3 Experimental setup in RFX-mod
The Reversed Field eXperiment modiﬁed (RFX-mod) [73] is the largest reversed ﬁeld pinch
device presently in operation. A picture of RFX-mod is shown in ﬁgure 2.4. RFX-mod is
located at Consorzio RFX in Padova and started operation in 2004. The main parameters of
RFX-mod are shown in table 2.3. In RFX-mod, plasma is heated with purely ohmic heating,
as in all RFPs.
Figure 2.4. Top view of RFX-mod
RFX-mod is an upgrade of the previous RFX device [74]. The goal of the modiﬁcation
is to improve and introduce a new active control of the MHD modes. There are two main
upgrades. First, introduced a new feedback control system. The system mainly consists of
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192 (4 poloidal × 48 toroidal) independently power saddle coils which completely surrounds
the toroidal surface (ﬁgure 2.5). On the surface magnetic probes are installed to measure
magnetic ﬁelds for the feedback control purposes. Second, the old 65 mm thick aluminium
shell has been replaced by a close ﬁtting 3 mm copper shell, as indicated in ﬁgure 2.5(a).
This change shortens the magnetic ﬁeld penetration time from 450 ms to 50 ms, which now
is much shorter than the discharge duration time (∼0.5 s) and makes the feedback control
possible.
Figure 2.5. Coil system of RFX-mod
Table 2.3. Main parameters of RFX-mod
Parameters Values
Major radius 2 m
Minor radius 0.459 m
Toroidal magnetic ﬁeld <0.7 T
Plasma current <2 MA
Discharge duration <0.5 s
Plasma density ∼ 5 × 1019
Maximum electron temperature 1.3 keV
By the control of the radial magnetic ﬁelds at the edge, plasma current in RFX-mod can
reach up to 2 MA. At such high current, spontaneous transition from the multiple helicity
(MH) state to quasi-single helicity (QSH) state through self-organisation has been observed
in RFX-mod [75]. This transition represents a new paradigm for achieving chaos-free plasma
in RFP.
The ﬂexibility of the feedback control system also allows RFX-mod to run as a low-
current (Ip ≤ 0.15 MA) Ohmic tokamak [76].
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2.4 Probe diagnostics
Langmuir probe is a widely used fundamental plasma diagnostics, named after its inventor
Irving Langmuir. The Langmuir probe measurement is made basically by inserting a small
metallic electrode or a wire into a plasma. The probe can be biased at various voltages pos-
itive or negative relative to the plasma through a power supply. Then the plasma properties
(density, potential and temperature) can be extracted from the current-voltage characteristic
collected by the probe. One advantage of probe diagnostics over other techniques is that
the probe measurements are local. This allows the probe to achieve high spatial and tempo-
ral resolution and makes it suitable for plasma turbulence study. A price paid for the local
measurements (direct contact with plasmas) is that the accessibility of the probe to a plasma
is limited by the conditions in which the probe can survive. The probe measurements are
available for plasma of temperature Te < 100 eV.
2.4.1 Langmuir probe theory
When plasma is in contact with a solid surface, the electrons and ions hit the surface with
thermal speed and tend to stick to it. Because the electron thermal velocity is higher than that
of ions, initially more electrons reach the solid surface than ions and the surface is charged
negatively. Negative potential is built on the surface which repels electrons and draws ions.
After reaching a balance, a positive charged layer, called sheath, is formed around the solid
surface. In the bulk plasma, the condition of quasineutrality (𝑛𝑒 ≈ 𝑛𝑖) is valid, while in
the sheath region it is not valid (𝑛𝑖 > 𝑛𝑒) and strong electric ﬁeld arises. The electric ﬁeld
is related to the ion and electron density through Gauss’s law, ∇ ⋅ E = 𝑒𝜖0 (𝑛𝑖 − 𝑛𝑒). With
E ≡ −∇𝜙, we obtain 1D Poisson’s equation:
𝑑2𝜙
𝑑𝑥2
= − 𝑒𝜖0
(𝑛𝑖 − 𝑛𝑒) (2.1)
Figure 2.6 shows the electric potential variation near the probe surface. We take the
potential inside the plasma as a reference, i.e. 𝜙∞ = 0. The potential and density at the sheath
edge are denoted as 𝜙𝑠𝑒 and 𝑛𝑠𝑒. Assume the electrons are Maxwellian in the sheath. Then
the electron density 𝑛𝑒(𝑥) = 𝑛𝑠𝑒 exp[𝑒(𝜙 − 𝜙𝑠𝑒)/𝑘𝑇𝑒]. The potential on the probe is 𝜙𝑝𝑟 =
𝜙(0). Assume ion temperature 𝑇𝑖 = 0, originated at a single point and with zero velocity.
From energy and particle conservation, we can obtain the ion density, 𝑛𝑖 = 𝑛𝑠𝑒(𝜙𝑠𝑒/𝜙)1/2.
2.4 Probe diagnostics 35
!"#$%&'(")*+%
!
,
!" # $
-.*'/*'0%*10
,23
!%&
!$
Figure 2.6. Schematic of the electric potential variation near the probe surface.
Substituting these two terms into the Poisson equation, we get,
𝑑2𝜙
𝑑𝑥2
= − 𝑒𝜖0
𝑛𝑠𝑒 [(𝜙𝑠𝑒/𝜙)
1/2 − exp [𝑒 (𝜙 − 𝜙𝑠𝑒) /𝑘𝑇𝑒]] (2.2)
Considering the region just inside the sheath, we deﬁne Δ = 𝜙𝑠𝑒 − 𝜙 > 0 and expand the
two terms in the right-hand side of the equation (2.2) up to the ﬁrst-order term. The Poisson
equation becomes:
𝑑2Δ
𝑑𝑥2
= −𝑒Δ𝜖0
𝑛𝑠𝑒 [
𝑒
𝑘𝑇𝑒
− 1
2 |𝜙𝑠𝑒|]
(2.3)
Exponential (physically meaningful) solution requires 𝑒𝑘𝑇𝑒 ≥
1
2|𝜙𝑠𝑒|
, which implies 𝑚𝑖𝑣𝑠𝑒 ≥
𝑘𝑇𝑒. This results in Bohm’s criterion for the exit velocity:
𝑣𝑠𝑒 ≥ 𝑐𝑠 = (
𝑘𝑇𝑒
𝑚𝑖 )
1/2
(2.4)
The solution also gives a rough estimation of the sheath thickness of the order of the Debye
length [77]:
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𝐿𝑠ℎ𝑒𝑎𝑡ℎ ≈ √
𝜖0𝑘𝑇𝑒
𝑒2𝑛𝑠𝑒
≡ 𝜆𝐷𝑒𝑏𝑦𝑒 (2.5)
A improved analysis shows that the sheath is about 15-30 Debye length [78]. Sheath thick-
ness is an important parameter for building multiple-tip probe. The distance between two
probe tips should be large enough to avoid sheath overlapping.
The probe signal is related to the electron and ion ﬂux to the probe surface. The electrons
are Maxweillian and the unidirectional ﬂux can be estimated as Γ𝑒 = 14𝑛𝑠𝑒 ̄𝑐𝑒 exp(𝑒𝜙𝑝𝑟/𝑘𝑇𝑒),
where the 1/4 comes from averaging over solid angle and ̄𝑐𝑒 = (8𝑘𝑇𝑒/𝜋𝑚𝑒)1/2 is the average
electron thermal speed. The ion ﬂux to the probe is Γ𝑖 = 𝑛𝑠𝑒𝑐𝑠. When the two ﬂuxes reach
a balance, i.e. Γ𝑖 = Γ𝑒, the net current to the probe disappears. In this case, the potential on
probe is called ﬂoating potential 𝜙𝑓 . From balance between the electron and ion ﬂux, the
relation between ﬂoating potential 𝜙𝑓 and plasma potential 𝜙𝑝 is obtained as:
𝜙𝑓 = 𝜙𝑝 − 𝛼𝑇𝑒 , 𝛼 = 0.5 ln [(2𝜋
𝑚𝑒
𝑚𝑖)(
1 + 𝑇𝑖𝑇𝑒)]
(2.6)
For a hydrogen plasma, 𝛼 ≈ 3. Usually this value should be determined experimentally,
because the electron saturation current may be reduced in the presence of magnetic ﬁeld.
If the probe is biased by an external power supply, the electron ﬂux is still based on
Maxewllian distribution, while the ion ﬂux is dependent on the sheath ﬂux, no matter the
probe is biased or not. The ion ﬂux is given by
Γ𝑖 = 𝑛𝑠𝑒𝑐𝑠 =
1
4𝑛𝑠𝑒 ̄𝑐𝑒 exp(𝑒𝜙𝑓 /𝑘𝑇𝑒) (2.7)
The total current density drawn by probe is the sum of the ion and electron currents:
𝑗 = 𝑒 (Γ𝑖 − Γ𝑒) =
1
4𝑛𝑠𝑒 ̄𝑐𝑒 [exp (𝑒𝜙𝑓 /𝑘𝑇𝑒) − exp (𝑒𝜙𝑝𝑟/𝑘𝑇𝑒)] (2.8)
Considering the pre-sheath density drop 𝑛𝑠𝑒 = 𝑛0/2,
𝑗 = 𝑒𝑛02 𝑐𝑠 {1 − exp [𝑒 (𝜙𝑝𝑟 − 𝜙𝑓)/𝑘𝑇𝑒]} (2.9)
When the probe is biased with very negative voltage, the electron collection goes to
zero, only ions collected, and exp [𝑒 (𝜙𝑝𝑟 − 𝜙𝑓)] /𝑘𝑇𝑒 ∼ 0. This gives the measurement of
ion saturation current:
𝐼𝑠𝑎𝑡 = 𝐴𝑝𝑗𝑠𝑎𝑡 =
1
2𝐴𝑝𝑒𝑛0𝑐𝑠 (2.10)
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plasma, the spatial resolution can reach below 2 mm. This makes Langmuir probe a suitable
diagnostic for characterising turbulent transport and structures. The probe measurements
with various conﬁguration and basic statistical analysis are summarised below.
Single point A single probe tip The simplest conﬁguration is with a single probe tip. In
sweeping mode, it can measure the electron temperature. With fast sweeping, it may
even provide some measurements of ﬂuctuations. At constant bias voltage, both aver-
age values and ﬂuctuations of ion saturation current 𝐼𝑠 and ﬂoating potential 𝜙𝑓 can
be measured, which provide estimations electron density 𝑛𝑒 and plasma potential 𝜙𝑝.
In principle, probe has potential to measure the electrostatic properties (𝑛𝑒, 𝜙𝑝, 𝑇𝑒) and
their ﬂuctuations.
Statistical analysis of ﬂuctuation is important for the study of plasma turbulence. The
standard linear power spectrum analysis is commonly used for analysing the distribu-
tion of ﬂuctuation power over frequencies. Empirical similarity in spectra of density
and potential ﬂuctuations has been found over diﬀerent conﬁgurations [79]. Power
spectrum analysis does not provide information on the nonlinear eﬀect of phase cou-
pling between diﬀerent waves. The nonlinear interaction can be analysed using the bi-
coherence method [80]. Experimental evidence of three-wave coupling has been found
in [81]. If there are intermittent or bursty events in edge turbulence, wavelet analysis
is more helpful for detecting the intermittency [82]. For the study of self-similarity
and memory eﬀect in plasma turbulence, Hurst exponent has been introduced [83].
Two points Biasing two probe tips with respect to each other, a double probe is formed [84].
A double probe is a improved method to measure electron temperature with sweeping
mode. The entire system is ﬂoating and no ground is needed for the bias. The I-V
characteristic of the double probe is: 𝐼 = 𝐼𝑠 tanh(𝑉 /𝑇𝑒).
With two points measuring both ﬂoating potentials or ion saturation currents, two-
point correlation[85] can be used for the analysis of phase velocity, wavenumber and
correlation length. Assume the distance of the two tips is Δ𝑥 and the phase diﬀerence
between the ﬂuctuations measure by two probe tips. The phase diﬀerence can provide
an estimation of wavenumber 𝑘 = Δ𝜑/Δ𝑥. In frequency domain, we can calculate the
ﬂuctuation power in the wavenumber-frequency space 𝑆(𝑘, 𝜔). The phase velocity is
estimated by weighting 𝜔/𝑘 with the spectral density function:
𝑣𝜃 =
∑
𝑘,𝜔
(𝜔/𝑘)𝑆(𝑘, 𝜔)
∑
𝑘,𝜔
𝑆(𝑘, 𝜔) (2.12)
2.4 Probe diagnostics 39
The 𝑆(𝑘, 𝜔) weighted wavenumber and frequency can be obtained in a similar way.
Two-point correlation also gives an estimation of the frequency resolved correlation
length (𝐿𝑐) through the turbulent broadening of the wavenumber, spectral width 𝜎𝑘(𝜔):
𝜎𝑘(𝜔) =
⎡
⎢
⎢
⎢
⎣
∑
𝑘,𝜔
(𝑘 − ?̄?(𝜔))2𝑆(𝑘, 𝜔)
∑
𝑘,𝜔
𝑆(𝑘, 𝜔)
⎤
⎥
⎥
⎥
⎦
1/2
and 𝐿𝑐(𝜔) ≡ [𝜎𝑘(𝜔)]−1 (2.13)
It should be noted that the inverse proportion of 𝜎𝑘 to the correlation length does not
make physical sense in the presence of simultaneous co- and counter-propagation of
waves which implies the phase velocity of ≈0. For the analysis of correlation length,
we may need to remove the parts with 𝑣𝑝ℎ ≈ 0 [86].
Three points A standard triple probe [87] is basically the combination of a ﬂoating potential
𝜙𝑓 and a double probe conﬁguration. In the double probe conﬁguration, the positively
biased tip measures potential (𝜙+) and the negatively biased tip measures ion satura-
tion current 𝐼𝑠. An important feature of a triple probe is that it allows instantaneous
measurements (ﬂuctuations) of electron temperature:
𝑇𝑒 =
𝜙+ − 𝜙𝑓
ln(2) (2.14)
Although this measurement of 𝑇𝑒 is fast, we should be aware that the measurement
is non-local because the estimation is based on the measurements from two separated
probe tips. A small spatial variation may cause phase shift between the two probe tips.
Both phase and amplitude of the measurement of 𝑇𝑒 ﬂuctuations can be aﬀected by
this phase error, and thus having an signiﬁcant impact on the measurements of heat
ﬂux with probe. Modiﬁed triple probes have been proposed to reduce the phase delay
errors [88, 89].
When three tips in poloidal direction are set such that the middle tip measures 𝐼𝑠 and
the other two measure 𝜙𝑓 , the probe is able to measure the turbulence-induced particle
ﬂux:
Γ𝑟 = ⟨ ̃𝑛𝑒 ̃𝑣𝑟⟩ = ⟨ ̃𝑛𝑒 ̃𝐸𝜃⟩ /𝐵𝜙 (2.15)
where poloidal electric ﬁeld ﬂuctuation is estimated as ̃𝐸𝜃 ≈ ( ̃𝜙𝑓1 − ̃𝜙𝑓2)/𝑑𝜃 and 𝑑𝜃
is the poloidal separation of signals 𝜙𝑓1 and 𝜙𝑓2. Normalised the ﬂux with elec-
40 Experimental methods
tron density, eﬀective velocity of particle transport is: Veff = ⟨ ̃𝑛𝑒 ̃𝐸𝜃⟩ /(𝑛𝑒𝐵) =
⟨ ̃𝐼𝑠 ̃𝐸𝜃⟩ /(𝐼𝑠𝐵).
Another important quantity is the turbulence-induced heat ﬂux, which is expressed as
the sum of convective and conductive terms [90]:
𝑄𝑟 = 𝑄𝑐𝑜𝑛𝑣 + 𝑄𝑐𝑜𝑛𝑑 =
3
2𝑇𝑒Γ𝑟 +
3
2
𝑛𝑒 ⟨ ̃𝑇𝑒 ̃𝐸𝜃⟩
𝐵𝜙
(2.16)
As has been discussed before, the most critical issue for the estimation of heat ﬂux is
the accurate measurements of 𝑇𝑒 ﬂuctuations.
Multiple points A probe can built in a 2D conﬁguration with multiple measurements in
both poloidal and radial direction. This conﬁguration may be able to measure simul-
taneously the poloidal and radial electric ﬁeld ﬂuctuations ( ̃𝐸𝑟 and ̃𝐸𝜃) at same point.
From these measurements, Reynolds stress can be estimated [31]:
RS = ⟨ ̃𝑣𝑟 ̃𝑣𝜃⟩ = ⟨ ̃𝐸𝑟 ̃𝐸𝜃⟩ /𝐵2 (2.17)
In this estimation, the ﬂuctuations of 𝐸𝑟 and 𝐸𝜃 should be calculated for the same
point to avoid the phase shift.
In a rake probe conﬁguration, multiple tips can be used to estimate the correlation
length in edge plasma turbulence [49]. Usually, one of the probe tip is taken as the
reference. By the correlation functions between the reference signal and signals mea-
sured by all rake probe tips. A spatial correlation function can be obtained. The decay
length of the correlation function provides an estimation of the correlation length.
Dual probe system By installing similar probes in two distant locations in a device, a dual
probe system is built. With this system, plasma properties at large scale can be studied
by adjusting the radial positions of the two probes properly and measuring the ﬂuctua-
tions and average values measured two distant locations. The similarity of ﬂuctuations
is quantiﬁed by long-range correlation (LRC) [51, 91, 92, 56, 49], which is a standard
to detect and characterisation of large coherent structures (zonal ﬂows and GAMs) in
a plasma turbulence. Comparison of the mean values of potential measurements at
two poloidal/tporoidal separated positions on the same magnetic surface provides a
measure of potential the asymmetries in plasma [68, 70], which is an important aspect
of the study of impurity transport.
All the measurements introduced above can be made at a ﬁxed position or through a
reciprocating driving system to move the probe fast in and out of the plasma during a dis-
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charge. Figure 2.8 shows the photos of two of Langmuir probe heads installed in TJ-II and
the schematic of reciprocating system [93].
Figure 2.8. (a) Two examples of probe heads installed in TJ-II; (b) schematic of the probe installed
in the reciprocating system [93].
In TJ-II, the reciprocating system mainly includes two parts [93]: a removable probe
head and a displacement system which enables the probe to be displaced in vacuum. The
probe displacement system has two components: a slow one (course length ≤ 0.8 𝑚) to set
the probe at the initial measurement position, and a fast one (run length = 0.1 𝑚) to obtain
the desired measurements within an adjustable time interval during the plasma discharge.
The spatial resolution of the radial movement is about 1 mm. The fast displacement (up to
1.7 m/s) is achieved by using a pneumatic system.
ISTTOK is also equipped with a dual probe system. The probe conﬁgurations are similar
to the probes installed in TJ-II. Both probes can be moved radially on shot-to-shot basis.
2.4.3 Electromagnetic probe
A more advanced probe system is the electromagnetic probe, which measures the electro-
static and magnetic properties simultaneously. Figure 2.9 shows the pictures of the electro-
magnetic probes: the ‘U-probe’ installed in RFX-mod [94] and the ‘Vorticity probe’ installed
TJ-II [94, 95]. In both probes, the magnetic measurements are made by a group of three-axial
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pick-up coils. Each coil allows measurements of time derivative of magnetic ﬁeld in three
directions. The U-probe consists of two ﬁngers separated in the perpendicular direction. In
each ﬁnger, an array 5 × 8 Langmuir probe tips are installed to measure electrostatic proper-
ties, and a radial array of 7 magnetic coils spaced 6 mm are arranged inside. This probe has
been used for the measurements of parallel current density associated to ﬁlaments [94]. The
vorticity probe has an Langmuir probe array installed in the middle and the three magnetic
probes forming a right angle in the radial-poloidal plane. As its name suggests, this probe can
measure the vorticity in turbulence. With the measurements of electrostatic and magnetic
ﬂuctuations, both probe can also provide measurements of Reynolds stress (∝ ⟨ ̃𝐸𝑟 ̃𝐸𝜃⟩ for
tokamak or stellarator, and ⟨ ̃𝐸𝑟 ̃𝐸𝜙⟩ for RFP) and Maxwell stress (∝ ⟨ ̃𝐵𝑟 ̃𝐵𝜃⟩ for tokamak
or stellarator, and ⟨ ̃𝐵𝑟 ̃𝐵𝜙⟩ for RFP).
Figure 2.9. Electromagnetic probes: (a) U-probe in RFX-mod [94] and (b) Vorticity probe in TJ-II
[94, 95]
2.5 Biasing electrode in TJ-II
Electrode biasing is a technique for externally modifying the edge electric ﬁeld. When an
biased electrode (with respect to wall or limiter) is inserted into the plasma edge, radial
electric ﬁelds are induced by cross-ﬁeld currents, according to the 𝐽 × 𝐵 force balance.
Electrode biasing experiments play an important role in the demonstration of the causal-
ity relation between radial electric and transport barrier formation [96]. Further analysis of
the biasing current-voltage characteristic can provide a way of studying the mechanism of
transport barrier formation [97, 98].
In TJ-II, a 2D carbon composite mushroom-shaped electrode (12 mm high with a diam-
eter of 25 mm) has been installed [99]. The electrode is screwed to a stainless steel shaft,
which is protected by boron nitride as insulating material to be exposed to the plasma. The
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electrode is manipulated by a fast reciprocating probe drive. It can be biased (up to 350 V)
with respect to the wall or one of the two limiters located in the Scrape-Oﬀ Layer region
(about 0.5 cm beyond the LCFS). The electrode can run in DC, DC+AC mode. Various
shapes of waveform can be used for the biasing voltage, for example, sine, triangular and
square. The frequency of the waveform can be in the region 1-800 Hz, with resolution of 1
Hz.

Part III
Experimental results

Chapter 3
Isotope eﬀect physics, turbulence and
long-range correlation studies in the
TJ-II stellarator *
The impact of isotope mass on the radial correlation length (𝐿𝑟) and long-range correlation
(LRC) of plasma turbulence has been investigated in Electron Cyclotron Resonance Heated
(ECRH) low-density deuterium-hydrogen plasmas in the TJ-II stellarator. We ﬁnd that the𝐿𝑟
increases with deuterium/hydrogen (D/H) ratio. However, the amplitude of LRC decreases
slightly with D/H ratio, in contrast to previous results in tokamak plasmas [Y. Xu et al.,
Phys. Rev. Lett. 110, 265005 (2013)]. These ﬁndings show the impact of the isotope eﬀect
on both the largest scales (LRC determined by the size of the device) and the characteristic
radial scale of turbulent structures.
3.1 Introduction
Understanding the mechanism of plasma conﬁnement scaling with isotope mass has been a
long-standing open issue in magnetic fusion research. It has been observed in most tokamak
experiments that the plasma conﬁnement time increases with increasing ion mass under sim-
ilar plasma conditions [44]. However, standard transport theories fail when predicting the
isotope eﬀect. According to diﬀusive-like transport theories, the diﬀusivity is 𝐷 ∝ 𝐿2𝑟 /𝜏𝑐 ,
where 𝐿𝑟 is characteristic radial scale length, 𝜏𝑐 is characteristics time scale. If 𝐿𝑟 scales as
𝐿𝑟 ∼ 𝜌𝑖, then an increase of ion mass implies an unfavorable eﬀect on plasma conﬁnement.
*This chapter is based on the publication: B. Liu et al 2015 Null. Fusion 55 112002
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Recently, a multi-scale mechanism, based on experimental observations in TEXTOR
[56] and TJ-II [100], has been proposed to explain the isotope eﬀect. The basic idea is
that the smallest scales (related to Larmor radius) in a plasma can aﬀect the formation of
turbulence structures and the development of large-scale zonal ﬂows thus aﬀecting plasma
transport. Interestingly, the isotope eﬀect was reported to be weaker in stellarators than in
tokamaks [46].
In this paper we present a study of the impact of isotope mass on the development of
long-range correlation (LRC) and radial correlation length (𝐿𝑟) of plasma turbulence in the
TJ-II stellarator.
3.2 Experimental set-up
EF15 84-1c
Figure 3.1. A schematic view of TJ-II with two Langmuir probe arrays (Probe1 and Probe 2) installed
around toroidally apart (5 m).
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Experiments were carried out in the TJ-II stellarator, in Electron Cyclotron Resonance
Heated (ECRH) plasmas (PECRH ≤ 400 kW, toroidal magnetic ﬁeld𝐵𝑇 = 1𝑇 , plasma major
radius ⟨R⟩ = 1.5 m, plasma minor radius ⟨a⟩ ≤ 0.22 m, rotational transform 𝜄(𝑎)/2𝜋 ≈ 1.6−
1.9). Experiments reported in this paper were performed in low-density deuterium-hydrogen
plasmas with plasma density in range (0.35 − 1) × 1019 m−3. Two Langmuir probe arrays,
indicated in ﬁgure 3.1 as Probe 1 and Probe 2, were installed at diﬀerent toroidal locations
in TJ-II approximately 160∘ apart (5 m). Probe 1 consists of 4 × 5 tips with 4 tips in the
poloidal direction spaced 3 mm apart and 5 tips in the radial direction spaced 5 mm apart.
Probe 2 has a similar conﬁguration with 3 × 6 tips spaced 2 mm and 3 mm in poloidal and
radial directions respectively. For present study, two radial columns of tips, one from each
probe (5 tips from Probe 1 and 6 tips from Probe 2), were used to measure ﬂoating potential
signals at two toroidal locations. This setting allows us to characterize the properties of local
turbulence structures and large-scale coherent structures simultaneously.
To study the dependence of plasma properties on isotope mass systematically, the D/H
ratio of plasmas was changed steadily shot-to-shot from hydrogen dominated to deuterium
dominated plasmas up to the ratio of 𝐷/𝐻 ∼ 2 and back to the hydrogen dominated in the
same way. Plasma conditions were kept almost identical for all shots.
3.3 Long-range correlation measurements
Long-range correlation (LRC) quantiﬁes the degree of long-range similarity between plasma
ﬂuctuations. It is computed as the normalized cross-correlation between two signals x(t) and
y(t) as follows:
𝛾𝑥𝑦(𝜏) =
𝐸{[𝑥(𝑡 + 𝜏) − ?̄?][𝑦(𝑡) − ̄𝑦]}
√𝐸{[𝑥(𝑡) − ?̄?]2}.𝐸{[𝑦(𝑡) − ̄𝑦]2}
(3.1)
The maximum LRC between these two signals can be estimated at zero time delay, i.e.
𝛾𝑥𝑦(𝜏 = 0). Using two toroidally separated probe arrays, with each one having multiple
tips in the radial direction, we can obtain a matrix of LRC coeﬃcients between each tip
in probe 1 measurements with all tips in probe 2 measurements. Then, we use the largest
element in this matrix to deﬁne the amplitude of LRC, denoted as 𝛾12(𝜏 = 0).
Figure 3.2 plots the time-averaged cross-power spectrum and cross-phase spectrum be-
tween two toroidally separated ﬂoating potential signals measured by Probe 1 and Probe 2.
The correlation between these two signals is dominated by low frequencies (below 20 kHz),
and their phase diﬀerence is close to zero for the whole frequency range in agreement with
previous ﬁndings [51].
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We can observe that 𝐿𝑟 slightly increases with increasing eﬀective D/H ratio over almost
the whole density range. This is consistent with results from TEXTOR [56], TJ-K [58]
and FT-2 [101]. By comparing H and D/H ∼ 2 plasmas, we found that 70% increase in the
eﬀective ion mass corresponds to 10% increase in radial correlation length. In the electron-
root regime (ne < 0.6 × 1019 m−3), we estimated that 𝐿𝑟 scales with eﬀective ion mass as
𝐿𝑟 ∼ 𝑚0.2±0.1. It can also be seen that 𝐿𝑟 decreases when the plasma transits to the ion-root
(ne > 0.6 × 1019 m−3) where edge sheared ﬂows are developed [102].
A preliminary analysis of the isotope dependence of particle conﬁnement was conducted
in the TJ-II stellarator based on𝐻𝛼(𝐷𝛼)measurements. It was observed that the particle con-
ﬁnement tends to decrease with increasing D/H ratio. It is interesting to note that the impurity
conﬁnement was also found to decrease with D/H ratio in TJ-II [103]. A quantitative study
of the scaling of plasma conﬁnement with isotope mass will be reported in a forthcoming
publication.
3.5 Conclusion
We have investigated the impact of the isotope mass on the development of long-range cor-
relation (LRC) and radial correlation length (𝐿𝑟) of plasma turbulence in ECRH plasmas in
the TJ-II stellarator with the following conclusions: a) the amplitude of the LRC slightly
decreases with isotope mass in contrast to TEXTOR [56] results; b) the local correlation
length 𝐿𝑟 increases with isotope mass in agreement with TEXTOR [56], TJ-K [58] and FT-
2 [101] results. Those ﬁndings show the impact of the isotope eﬀect on both the largest scales
(LRC determined by the size of the device) and the characteristic radial scales of turbulent
structures.

Chapter 4
Multi-scale study of the isotope eﬀect in
ISTTOK *
The isotope eﬀect, namely the isotope dependence of plasma conﬁnement, is still one of
the principal scientiﬁc conundrums facing the magnetic fusion community. We have inves-
tigated the impact of isotope mass on multi-scale mechanisms, including the characterisa-
tion of radial correlation lengths (𝐿𝑟) and long-range correlations (LRC) of plasma ﬂuctua-
tions using multi-array Langmuir probe system, in hydrogen (H) and deuterium (D) plasmas
in the ISTTOK tokamak. We found that when changing plasma composition from the H
dominated to D dominated, the LRC amplitude increased markedly (10–30%) and the 𝐿𝑟
increased slightly (∼ 10%). The particle conﬁnement also improved by about 50%. The
changes of LRC and 𝐿𝑟 are congruent with previous ﬁndings in the TEXTOR tokamak (Xu
et al 2013 Phys. Rev. Lett. 110 265005). In addition, using biorthogonal decomposition,
both geodesic acoustic modes and very low frequency (< 5 kHz) coherent modes were found
to be contributing to LRC.
4.1 Introduction
Understanding the mechanism of plasma conﬁnement scaling with isotope mass has been
a long-standing open issue in magnetic conﬁnement fusion plasma research. It has been
observed in most tokamak experiments that the plasma conﬁnement time increases with
increasing ion mass under similar plasma conditions [44]. However, standard transport the-
ories fail when predicting the isotope eﬀect. According to diﬀusive-like transport theories,
the diﬀusivity is 𝐷 ∝ 𝐿2r /𝜏c, where 𝐿r is characteristic radial scale length, and 𝜏c is the
*This chapter is based on the publication: B. Liu et al 2016 Null. Fusion 56 056012
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characteristic time scale. If 𝐿r scales as 𝐿r ∼ 𝜌i, then an increase of ion mass implies an
unfavourable eﬀect on plasma conﬁnement.
If turbulent ﬂuctuations are characterised by the macroscopic size of the plasmas, the
transport has the conventional Bohm scaling, whereas if they are determined by the gyro-
radius, it is described by the gyro-Bohm scaling. The observation in L-mode regimes of
gyro-Bohm-like transport scaling for the electron channel indicates that the characteristic
radial wavelength of the plasma turbulence is on the order of the Larmor radius, rather than
the plasma radius, while Bohm-like transport for ions has been observed [104]. In addition,
the eﬀective diﬀusivity and global conﬁnement time scaling were found to vary from gyro-
Bohm-like to Bohm-like depending upon whether the electron or ion channel dominated the
heat ﬂux [105]. Some simulations have shown a gradual transition from a Bohm-like scal-
ing for small system size to a gyro-Bohm scaling for larger plasma systems [106]. However,
while Bohm and gyro-Bohm behaviour are widely used to describe the empirical conﬁne-
ment time, they have the wrong isotopic mass dependence [107]. Moreover, experimental
studies have shown a reduction of the L–H power threshold by about 50% when using deu-
terium (D) and helium (He) instead of hydrogen (H). Present ITPA scaling laws predict that
ITER H-mode operation is likely in He but only marginally feasible in H [108]. Thus, a bet-
ter understanding of the isotope dependence of the L–H power threshold is urgently needed
to improve our conﬁdence in ITER scenarios.
Recently, a multi-scale mechanism has been proposed to explain the isotope eﬀect [56].
The development of zonal ﬂows/geodesic acoustic modes (GAMs) by inverse energy cascade
via 𝐸 × 𝐵 symmetry breaking mechanisms (i.e. eddy tilting) should be strongly sensitive
to the size of turbulence structures. Considering that the typical radial scale length of mean
𝐸×𝐵 sheared ﬂows, 𝜆E×B, is in the order of 1 cm, the amplitude of inverse energy cascading
processes is expected to be k-dependent with maximum energy transfer in k-scales in the
order of 2𝜋/𝜆E×B (i.e. wave number in the range of 5–10 cm−1). Thereupon, a minor increase
in the size of turbulent structures, 𝜆turb in the range of 𝜆turb ≈ 𝜆E×B, may eventually result in
an increase in the amplitude of zonal ﬂows/GAMs. Changes of zonal ﬂows and GAMs with
isotope mass have been found through experiments [56, 49, 109] and simulations [110, 111,
59].
In this paper, we present a study of the isotope eﬀect from the prospective of multi-scale
mechanism in the ISTTOK tokamak.
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The ISTTOK tokamak is a large aspect-ratio circular cross-section tokamak (𝑅 = 46 cm,
𝑎 = 8.5 cm, 𝐵T = 0.5T, 𝐼P ≈ 4–6 kA) with a poloidal graphite limiter. Around the
limiter radius the electron temperature is about 𝑇e ≈ 20 eV and the electron density is
𝑛e = 0.5–1 × 1018 m−3.
Two Langmuir probe arrays, indicated in ﬁgure 4.1 as the 2D probe and rake probe, were
installed in ISTTOK approximately 120∘ toroidally and 60∘ poloidally apart from each other,
and with a distance of about 1 m. A ﬁeld line passing through one of the tips of the ﬁrst
probe is expected to run several toroidal turns before hitting one of the tips of the second
probe. The rake probe consists of 10 tips (7 tips were connected in the present study) spaced
3 mm apart in the radial direction. The 2D probe consists of 4 × 4 tips spaced 3 mm apart in
both radial and poloidal directions. For our present study, the ﬁrst radial column of tips was
considered.
Figure 4.1. Schematic of two toroidal cross-sections of ISTTOK showing the toroidal and poloidal
locations of the 2D probe (a) and rake probe (b). Both probes can move radially from shot to shot.
Both probes were operated in ﬂoating potential measurement mode. This setting al-
lows for simultaneous characterisation of local turbulence structures and large-scale coher-
ent structures in the edge plasma: the local turbulence structures can be estimated from the
correlation length in ﬂoating potential ﬂuctuations measured with the rake probe; the large
coherent structures can be detected and quantiﬁed from the correlation between ﬂoating po-
tential ﬂuctuations measured with the rake probe and the 2D probe. The sampling rate of
the probe data acquisition is 2 MHz. To quantify particle conﬁnement in H and D plasmas,
the Balmer-alpha monitor was tuned into 656 nm and equipped with a ﬁlter of bandwidth of
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3 nm to collect both H𝛼 and D𝛼 emission. In a H/D plasma, two peaks corresponding to H𝛼
and D𝛼 emission were ﬁtted with Gaussian curves. D/H ratio was then estimated from the
ratio of the intensities of these two Gaussian curves.
There were two experimental campaigns (in the years 2013 and 2014) dedicated to iso-
tope eﬀect study in ISTTOK. In both campaigns, experiments started with H plasmas and
followed by D/H mixed plasmas with D/ (D + H) > 85% in the 2013 and D/ (D + H) > 90%
in the 2014. Hereafter, the D/H mixed plasmas will be referred to as D plasma for conve-
nience. Owing to the reproducibility of discharges in ISTTOK, plasma conditions (plasma
current, vertical position and radial position) were kept almost identical in each campaign.
To compare the properties of H and D plasmas, we considered plasmas with stable plasma
current and density from the ﬁrst positive half-cycle of the discharges: time windows, 16 <
𝑡 < 29ms for 2013 data and 10 < 𝑡 < 24ms for 2014 data.
4.3 Results
4.3.1 Particle conﬁnement
Changes in global particle conﬁnement time were estimated from the ratio of the total number
of electrons in the discharge (assumed to be proportional to the line-averaged density 𝑛e) to
the total ionization rate at the plasma periphery (assumed to be proportional to the H𝛼 (D𝛼)
emission). The most signiﬁcant source of recycling in ISTTOK is in the limiter region, as
it has a poloidal limiter. The H𝛼 (D𝛼) emission was therefore measured by a photodiode
looking tangentially to the plasma into the limiter. The line-averaged electron density was
measured along a line of sight crossing vertically the plasma at the centre of the poloidal
cross-section. It was found that the particle conﬁnement of D plasmas was 50% higher than
that of H plasmas in ISTTOK (ﬁgure 4.2). This result is in line with the isotope dependence
of plasma conﬁnement for most tokamaks [44].
4.3.2 Amplitude of long-range correlation
Long-range correlation (LRC) measures the long-distance similarity of plasma ﬂuctuations.
It is a standard tool used to detect large coherent structures (e.g. zonal ﬂows, GAMs) in
plasma turbulence [56, 49, 91, 51, 112]. To quantify LRC, we compute the normalised
cross-correlation between two toroidally separated signals x(t) and y(t) as follows:
𝛾𝑥𝑦(𝜏) =
𝐸{[𝑥(𝑡 + 𝜏) − ?̄?][𝑦(𝑡) − ̄𝑦]}
√𝐸{[𝑥(𝑡) − ?̄?]2}.𝐸{[𝑦(𝑡) − ̄𝑦]2}








Chapter 5
Electromagnetic turbulence
measurements during the L-H transition
in the TJ-II stellarator *
5.1 Introduction
It is well known that sheared ﬂows can suppress turbulence and help to improve plasma
conﬁnement. Fluctuating, turbulence-generated zonal ﬂows are a benign non-linear turbu-
lence saturation mechanism, consistently observed in simulations and reported in several
experiments. Because of their transport modulation capability zonal ﬂows have been con-
sidered natural candidates for triggering the L-H transition. Theoretically, both electrostatic
ﬂuctuation-induced Reynolds stress and magnetic ﬂuctuation-induced Maxwell stress can
play a role in aﬀecting zonal ﬂows generation [37]. Whereas measurements of Reynolds
stress with multi-pin Langmuir probes have been conducted in several devices [31], only a
few measurements of Maxwell stress have been reported [116]. In this work we present lo-
cal measurements of magnetic properties and Maxwell stresses in the proximity of the L-H
transition in the TJ-II stellarator.
5.2 Experimental methods
Experiments were carried out in the TJ-II stellarator, in the pure NBI heated plasmas (toroidal
magnetic ﬁeld BT = 1 T, plasma major radius ⟨R⟩ = 1.5 m, plasma minor radius ⟨a⟩ ≤ 0.22m,
rotation transform 𝜄(𝑎)/2𝜋 ≈ 1.6 − 1.9). The electromagnetic properties were measured us-
*This chapter is based on the publication: B. Liu et al 2015 EPS P4.166
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ing an electromagnetic (EM) probe (also dubbed ‘vorticity probe’) [95, 117] consisting of a
Langmuir probe array and three three-axial pick-up coils, which measure the time derivative
of the three components of magnetic ﬁeld. The three magnetic probes form a right angle in
the radial-poloidal plane. They are separated by 3 cm in both radial and poloidal directions.
The Langmuir probe array locates in the middle of two magnetic probes in the radial direc-
tion. This setup allows simultaneous measurements of magnetic and electrostatic properties.
The direct measurement by the magnetic coils is time derivative of the magnetic ﬁelds,
𝜕𝐵
𝜕𝑡 , while the quantity of interest for the calculation of Maxwell stress is the ﬂuctuation
of magnetic ﬁeld ̃𝐵. To calculate Maxwell stress ⟨ ̃𝐵𝑟 ̃𝐵𝜃⟩ from 𝜕𝐵𝜕𝑡 , the following two ap-
proaches are considered. For convenience, in the following part we denote the magnetic ﬁeld
in time domain by 𝑏(𝑡) and its Fourier transform by 𝐵(𝜔).
Time domain First do the integration (cumulative sum) of time series 𝜕𝑏(𝑡)𝜕𝑡 in time domain.
Then removing the mean with a high pass ﬁlter (2 kHz), we get the ﬂuctuation ̃𝑏(𝑡).
Averaging the product ̃𝑏𝑟(𝑡) ̃𝑏𝜃(𝑡) over time window of interest gives us the maxwell
stress.
Frequency domain To compute the magnetic ﬂuctuation, we can do Fourier transform of
the signal FFT(𝜕𝑏𝜕𝑡 )⟶ 𝐵𝜔 = 𝑖𝜔𝐵. Then by inverse Fourier transfer of𝐵(𝜔 > 2 kHz),
IFFT(𝐵𝜔𝑖𝜔 |𝜔>2)⟶ ̃𝑏(𝑡)
Parseval’s theorem states that ∑𝑡 𝑏𝑟(𝑡)𝑏𝜃(𝑡) = 1𝑁 ∑𝜔𝐵𝑟(𝜔)𝐵𝜃(𝜔). This gives us a way
to compute Maxwell stress in frequency domain,∑𝑡 ̃𝑏𝑟(𝑡)?̃?𝜃(𝑡) = 1𝑁 ∑𝜔>2kHz 𝐵𝑟(𝜔)𝐵𝜃(𝜔).
These approaches allow us to compute the time evolution of Maxwell stress as well as
the frequency resolved maxwell stress.
5.3 Radial proﬁles ofmagnetic ﬂuctuation andMaxwell stress
Radial proﬁles of electromagnetic properties were measured by the EM probe on a shot-
to-shot basis in TJ-II. Sixteen shots of similar plasma conditions with probe measured at
six diﬀerent radial positions were taken into account for this analysis. Figure 5.1(a) shows
the radial proﬁle of magnetic ﬂuctuation (rms). Magnetic ﬂuctuation level increases signif-
icantly radially inwards. Maxwell stress was estimated by the time average of the product
of radial and poloidal components of magnetic ﬁeld ﬂuctuation ⟨ ̃𝐵𝑟 ̃𝐵𝜃⟩. As shown in ﬁg-
ure 5.1(b), the Maxwell stress as well as its gradient also increase radially inwards reaching
values close to 105 𝑚2/𝑠2 at the innermost radial position (𝜌 = 0.86), which were the mea-
surements so far available. When comparing with Reynolds stress previously measured in


5.5 Conclusion 71
two probe is 3 cm, we estimated that the gradient of Maxwell stress can reach the order of
107 𝑚/𝑠2 at around 𝜌 = 0.9. This is about one order of magnitude lower than the gradient of
Reynolds stress (∼ 108 𝑚/𝑠) previously measured in TJ-II [118]. We note that this position
has not yet reached the transport barrier region which is at 𝜌 < 0.85 in TJ-II [119]. It may
be interesting to have measurements of Maxwell stress further inside the plasmas in TJ-II
in the future. The cross-power spectrogram between the two components for the analysis of
Maxwell stress is shown in ﬁgure 5.5(c) showing that the Maxwell stress is mainly due to
the ﬂuctuation of magnetic ﬁeld at low frequencies.
Figure 5.5. Time evolution of (a) Maxwell stresses measured at three diﬀerent radial position and (b)
gradient of Maxwell stress, estimated by two radial magnetic probes; (c) cross-power spectrogram
between ̃𝐵𝑟 and ̃𝐵𝜃.
5.5 Conclusion
We have conducted electromagnetic measurements of plasma turbulence in the TJ-II stel-
larator with the electromagnetic probe up to the position of 𝜌 = 0.86. It has been found
that magnetic ﬂuctuation and Maxwell stress increase radially inwards; in the proximity of
L-H transition, a signiﬁcant gradient of Maxwell stress was observed at the plasma edge.
The value is about one order of magnitude lower than previously measured Reynolds stress
[118], however, considering the measurement position was still outside the transport barrier
[119], it would be interesting to measure the Maxwell stress further inside the plasmas in
TJ-II in the future.

Chapter 6
Inﬂuence of magnetic topology on
long-range spatial and temporal
correlation in stellarator and reversed
ﬁeld pinch plasmas *
The inﬂuence of magnetic topology on long-range spatial and temporal correlation has been
studied using multi-Langmuir probe systems in the TJ-II stellarator and RFX-mod reversed
ﬁeld pinch. During dynamic magnetic conﬁguration scan in TJ-II, long-range spatial cor-
relation and temporal correlation (Hurst exponent) were found to change according to the
magnetic conﬁguration near the low-order rational surface. In RFX-mod, long-range spatial
correlation was found to increase both inwards and outwards with respect to the edge mag-
netic islands radial position. These ﬁndings indicate that magnetic topology has an eﬀect on
the formation of large coherent structures and the local particle dynamics.
6.1 Introduction
The inﬂuence of magnetic topology on plasma performance has attracted considerable inter-
est in magnetic fusion research [9]. In stellarator devices, global conﬁnement and the acces-
sibility to improved conﬁnement regimes (H-mode) is strongly linked to magnetic topology
[120]. In particular low order rational surfaces have been found to aﬀect the generation of
Reynolds stress and sheared ﬂow [121–123]. In tokamak, magnetic perturbation is consid-
ered an important tool to control the ELMs [124]. In reversed ﬁeld pinch (RFP), a very in-
*This chapter is based on the manuscript to be submitted for publication
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teresting process/phenomenon is the spontaneous transition from the multiple-helicity states
(higher level of magnetic chaos) to the single-helicity state (lower level of magnetic chaos)
showing the importance of magnetic topology in plasma conﬁnement [75]. In RFX-mod, it
has been found that magnetic topology (helical perturbation) has an inﬂuence on the edge
plasma ﬂow and small-scale turbulence [125, 126], as well as on the plasma transport and
electromagnetic ﬁlaments [117].
Long-range spatial and temporal correlations are important elements in the understand-
ing of plasma transport. In the present study, long-range temporal correlation is quantiﬁed
by the Hurst exponent [127], and long-range spatial correlation (LRC) is measured by the
cross-correlation between measurements of two toroidally/poloidally separated probes. In
TJ-II, the study of the magnetic topology eﬀect on LRC at low density (0.4 × 1019 𝑚−3)
ECRH plasmas shows the role of magnetic topology eﬀect on connection length, thus af-
fecting LRC [128]. Long-range correlation can be due to several mechanisms, e.g. zonal
ﬂow, GAMs, MHD modes and drift-wave turbulence [128]. Hurst exponent has been pro-
posed to quantify the long-range temporal correlation in fusion plasmas [83]. The impact
of a rational surface on the long-range temporal correlation has been studied at the gradient
region of plasma [129, 130]. Due to the complicated magnetic edge topology, LRC is more
diﬃcult to detect in RFX-mod [92]. The improved magnetic boundary control [131] allows
the operation of RFX-mod at the RFP conﬁguration with the reversal surface much closer
to the ﬁrst wall. The ﬁrst experimental detection of LRC was then reported at the edge of
RFX-mod recently [132]. Although extensive research has been done on this topic, it is not
clear how the magnetic topology aﬀects large coherent structures (e.g. zonal ﬂows), and
transport behaviour.
In this paper, we study the eﬀect of magnetic topology eﬀect on the formation of large
coherent ﬂows and particle dynamics in TJ-II and RFX-mod with Langmuir probe diagnos-
tics.
6.2 Experimental methods
6.2.1 Experimental setup in TJ-II
TJ-II is a four-ﬁeld-period low magnetic shear helical-axis stellarator with major radius
⟨𝑅⟩ = 1.5 𝑚, minor radius ⟨𝑎⟩ ≤ 0.22 𝑚, and toroidal magnetic ﬁeld 𝐵𝑇 = 1 𝑇 . A dis-
tinct feature of TJ-II is its central coil which consist of a circular coil wrapped with an 𝑙 = 1
winding [71]. This design provides TJ-II the ﬂexibility in variation of rotational transform
in a wide range. TJ-II has been upgraded to change the currents in the coils dynamically:

76 Magnetic topology eﬀect study in TJ-II and RFX-mod
There are two insertable probes installed on RFX-mod: one is dubbed ‘U-probe’ [135],
the other is a Gundestrup probe [136]. They are toroidally separated by 30∘ (1 m apart).
U-probe consists of two ﬁngers, each equipped with a 2D (radial and toroidal) array with 5
rows of probe tips radially spaced 6 mm. Both probes are insertable and can be moved on a
shot-to-shot basis up to 50 mm inside the plasma.
6.2.3 The RFX-mod magnetic topology
Electrostatic features in the RFP are usually found to be strongly connected to the underly-
ing magnetic topology. At low plasma currents, the RFX-mod core magnetic topology is
characterised by a chaotic conﬁguration (the so called multiple helicity state) due to the su-
perposition of diﬀerent tearing modes with same poloidal m=1 number and various toroidal
n numbers. At higher plasma current (IP > 1 MA) plasma experiences a spontaneous tran-
sition from the multiple-helicity state into a quasi-single-helicity (QSH) state (dominated
by the m=1, n=-7 tearing mode), in which plasma is in 3D helical conﬁguration and plasma
conﬁnement improves. When the axis of the dominant magnetic island merges with the main
magnetic axis, the state is called single-helical-axis (SHAx) state [75]. A magnetic topology
similar to high plasma current QSH states can also be induced at low current (IP < 500 kA)
by applying a helical boundary condition through the feedback control system [131]. The
low current of this induced helical states make the plasma edge accessible to probe measure-
ments.
The RFX-mod edge magnetic topology is, instead characterised by the presence of a
𝑞 = 0 surface whose radial position is deﬁned by the inversion of the toroidal magnetic ﬁeld
(a peculiar feature of the RFP conﬁguration). The 𝑞 = 0 surface is a resonant surface for
all the 𝑚 = 0 tearing modes. These modes form a chain of magnetic islands in the plasma
edge. The radial position of these 𝑚 = 0 island can be adjusted by setting the edge toroidal
and poloidal magnetic ﬁeld, 𝐵𝜙(𝑎) and 𝐵𝜃(𝑎), by external coil system. Two conditions,
the ‘shallow reversal’ and ‘deeper reversal’ distinguished by the reversal parameter 𝐹 =
𝐵𝜙(𝑎)/⟨𝐵𝜙⟩, are considered. For the shallow case, with −0.12 < F < 0 the 𝑚 = 0 island
is close to the wall; for the deeper case, with −0.2 < F < −0.12 the 𝑚 = 0 island is well
detached from the wall [137].
The radial position of 𝑚 = 0 islands was estimated by modelling the edge magnetic
topology with a Field Line Tracing code named FLiT [138]. The magnetic topology is re-
constructed by matching the equilibrium solution of a Newcomb-like solver [139] with the
magnetic measurements of a set of 48 × 4 external magnetic probes.
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6.3 Data analysis
Long-range spatial correlation (LRC) measures the long-distance similarity of plasma ﬂuc-
tuations. It is a standard tool to detect large coherent structures (e.g. zonal ﬂows, GAMs) in
plasma turbulence [92, 91]. To quantify LRC, we compute the normalised cross-correlation
between two toroidally separated signals x(t) and y(t) as follows:
𝛾𝑥𝑦(𝜏) =
𝐸{[𝑥(𝑡 + 𝜏) − ?̄?][𝑦(𝑡) − ̄𝑦]}
√𝐸{[𝑥(𝑡) − ?̄?]2}.𝐸{[𝑦(𝑡) − ̄𝑦]2}
(6.1)
The LRC between these two signals is evaluated at zero time delay,i.e. 𝛾𝑥𝑦(𝜏 = 0).
Long-range temporal correlation is characterised by the algebraic decay of the auto-
correlation of a ﬂuctuation signal for long time lags. It has been demonstrated [83] that
long-range temporal correlation can be eﬀectively estimated by calculating the Hurst ex-
ponent from the rescaled range statistic (R/S) [140]. The value of Hurst exponent also in-
dicates the degree of deviation of transport behaviour from the normal diﬀusive transport
[129]. The Hurst exponent of a signal is computed as follows. Consider a signal, 𝑋𝑖, of
length n, we compute its standard deviation 𝑆(𝑛), and accumulated deviation from the mean
𝑊𝐾 = 𝑋1 + 𝑋2 +⋯+𝑋𝐾 − 𝑘𝑋(𝑛). R/S is deﬁned as [83]:
𝑅(𝑛)
𝑆(𝑛) =
𝑚𝑎𝑥(0,𝑊1,𝑊2,… ,𝑊𝑛) − 𝑚𝑖𝑛(0,𝑊1,𝑊2,… ,𝑊𝑛)
√𝑆2(𝑛)
(6.2)
By ﬁtting the mean R/S with length n,𝐸 [
𝑅(𝑛)
𝑆(𝑛)]
𝑛→∞−−−→ 𝜆𝑛𝐻 , we obtain the Hurst exponent H.
The value of Hurst exponent 0 < H < 0.5 indicates subdiﬀusion; 𝐻 = 0.5, normal diﬀusion
and 0.5 < H < 1, superdiﬀusion [83, 141]. An example of obtaining the Hurst exponent by
ﬁtting the R/S curve is shown in ﬁgure 6.2.
6.4 Results
6.4.1 Results from TJ-II
LRC in TJ-II
Figure 6.3 compares the time evolution of ﬂoating potential proﬁle measured by the rake
probe during the dynamic magnetic conﬁguration scan (𝜄(𝑎)/2𝜋 = 1.67 − 1.6) and at a ﬁxed
magnetic conﬁguration (𝜄(𝑎)/2𝜋 = 1.63), in which the rational surface 8/5 is located at the
edge. During this experiment, the probe 1 (rake probe) was located in the plasma edge region
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Figure 6.3. Time evolution of (a) ﬂoating potential proﬁle and (b) radial electric ﬁeld proﬁle in TJ-II
during dynamic conﬁguration scan.
𝑌 (𝑖, 𝑗) = ∑
𝑘
𝜆𝑘Ψ𝑘(𝑖)Φ𝑘(𝑗) (6.3)
where 𝜓𝑘 is called a ‘chrono’ (a temporal function) and 𝜙𝑘 a ‘topo’ (a spatial function).
Chronos and topos satisfy the orthogonality relations: ∑𝑖𝜓𝑘(𝑖)𝜓𝑙(𝑖) = ∑𝑗𝜙𝑘( 𝑗)𝜙𝑙( 𝑗) = 𝛿𝑘𝑙.
𝜓𝑘 and 𝜙𝑘 are ordered by the eigenvalue of 𝜆𝑘, which represents the contribution of mode k
to the total ﬂuctuation energy. Further analysis of the chronos and topos gives us information
about spectral, correlation and spatial structure properties of each mode.
Figure 6.5 shows the BOD analysis of ﬂoating potentials measured by probe 1 and probe
2. As can be seen, the main contribution to the LRC comes from the ﬂuctuations with
frequency below 20 kHz (ﬁgure 6.5(c)). The spatial structure of this contribution, the topo
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kHz. The phase diﬀerence between the toroidally separated probe is around zero indicating
the toroidal symmetry of the low frequency ‘mode’.
Hurst exponent in RFX-mod
In this section we present a preliminary analysis of the eﬀect of helical magnetic perturbation
on Hurst exponent at the edge of RFX-mod. In the present study, a helical magnetic pertur-
bation (m=1, n=-7), toroidally rotating with frequency about 10 Hz, was applied. Under
this condition, local plasma properties exhibit an oscillation, reﬂecting the rotating helical
perturbation. To characterise the phase relation with the magnetic perturbation, the helical
angle has been introduced [126]. The helical angle is deﬁned as:
𝑢𝑚,𝑛(𝑡) = 𝑚𝜃 − 𝑛𝜙 + 𝜑𝑚,𝑛(𝑡)
where 𝜑𝑚,𝑛 is the proper phase of the magnetic perturbation.
Figure 6.10 [126] illustrates the magnetic ﬂux for the (1,−7) magnetic deformation as a
function of the helical angle 𝑢1,−7 and the radial displacement r/a = 1. The deﬁnition of the
angle is such that the O-point appears at 𝑢 = 𝜋/2 and the X-point at 𝑢 = 3𝜋/2.
Figure 6.10. (a) Magnetic ﬂux for the (1,−7) magnetic deformation as a function of the helical angle
𝑢1,−7; (b) radial displacement at r/a = 1, as a function of 𝑢1,−7 [126].


Chapter 7
Direct experimental evidence of
asymmetry in the modulation of
potential in magnetic ﬂux surfaces in the
TJ-II stellarator*
We have developed a new strategy for studying potential asymmetries in magnetic ﬂux sur-
faces based on edge electrode biasing and dual-Langmuir probe measurements in the ion-
root Neutral Beam heated plasmas in the TJ-II stellarator. Two criteria were used to identify
the asymmetries. First, matching the ﬂoating potential measured by the two poloidally /
toroidally distant probe arrays. Experimental ﬁndings show that there is no way to match
both the biased and unbiased half-cycles of the ﬂoating potentials. Second, taking advan-
tage of the ampliﬁcation of Long-Range Correlations (LRC) by biasing, the amplitude of
LRC was used to label magnetic ﬂux surfaces. In both cases, the level of asymmetry was
found to increase with electron temperature reaching values above 20 V. These ﬁndings are
complementary to previous results obtained in the proximity of the electron-ion root tran-
sition in Electron Cyclotron Resonance heated plasmas where potential asymmetries were
ﬁrst reported [M.A. Pedrosa et al 2015 Nucl. Fusion 55 052001]. Then, plasma potential
asymmetries seem to be ubiquitous in the TJ-II stellarator.
*This chapter is based on the manuscript to be submitted to Nuclear Fusion
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7.1 Introduction
Power exhaust and impurity are critical issues for the development of fusion energy [108].
Core impurity accumulation has a negative impact on fusion performance due to the increase
in radiation-induced losses as well as plasma dilution, whereas edge impurity radiation can
aﬀect the maximum attainable edge pedestal temperature with a direct impact on global per-
formance due to proﬁle stiﬀness. In parallel, high divertor radiation level will be required in
a fusion reactor to avoid thermal overload of materials. This issue drives the need to under-
stand the role of impurity seeding to reduce the power heat load in plasma-facing components
while avoiding core impurity accumulation.
The measurement and modelling of impurity density asymmetries can provide an indirect
validation of model prediction on radial impurity transport. The localisation of impurities in
a ﬂux surface depends on the location of magnetic and electrostatic wells, as well as on ion-
impurity friction, all of which can be important players in the radial transport of impurities
[69, 145]. The understanding of these asymmetries can be a milestone in the progress of our
investigation of impurity transport and accumulation in fusion toroidal devices.
Quantifying the level of asymmetry in plasma properties requires accurate alignment of
plasma proﬁles. Recently, eﬀorts have been made to apply correlation tools and magnetic
equilibrium reconstruction to achieve satisfactory alignment in plasma proﬁles [68, 146].
These measurements are a real challenge because small radial misalignment (in the order
of few millimeters) could give rise to large uncertainties in the interpretation of the level
of asymmetry. In particular, ﬁrst direct experimental observations of electrostatic poten-
tial variations within the same magnetic ﬂux surface has been reported in the electron-root
plasmas sustained by Electron Cyclotron Resonance (ECR) heated plasmas [68]. The level
of asymmetry has been found to reduce as the electron temperature decreases. The order
of magnitude (in the order of tens of volts) as well as the observed dependencies are well
reproduced by neoclassical Monte Carlo calculations.
In this paper we present a new strategy for studying potential asymmetries in plasma
regimes with radially inwards radial electric ﬁelds (i.e. ion root) using electrode biasing
and dual-Langmuir probe measurements of Long-Range Correlations (LRC) in the TJ-II
stellarator.
7.2 Experimental methods
Experiments were carried out in the TJ-II stellarator in pure Neutral Beam Injection (NBI)
heated plasmas (PNBI port-through ≈ 450 kW, magnetic ﬁeld BT = 1T, plasma minor ra-
7.2 Experimental methods 89
dius ⟨a⟩ ≤ 0.22 m) initiated by ECR heating (PECRH ≤ 400 kW). The TJ-II vacuum vessel is
divided into four sectors that are marked in ﬁgure 7.1(a) as Sector A, B, C and D, correspond-
ing to its four-fold toroidal symmetry. A graphite electrode was installed on a reciprocating
probe drive at Sector A8 and biased with respect to a radially movable limiter at sector C3.
In the present experiments the electrode was inserted 3 cm, corresponding to 𝜌 ∼ 0.85 inside
the Last Closed Flux Surface (LCFS) whereas the limiter was kept at the LCFS (𝜌 = 1).
Figure 7.1. (a) Schematic view of TJ-II showing the locations of two Langmuir probe systems,
electrode, and limiter; (b) conﬁguration of the tips on probe D and probe B.
The electrode was biased with respect to the limiter with an AC voltage during plasma
discharges. The waveform of the biasing voltage is a negative half-wave rectiﬁed triangular
wave, i.e. in each period, half-cycle unbiased or with Vbias = 0 and half-cycle biased with
a triangular shape peaked at Vbias = −340 V as shown in Figure 7.2(a). The frequency of
the biasing waveform is adjustable and frequencies 40, 60 and 80 Hz were chosen for the
present experiments. In this way, the plasma properties in the zero biasing phase can serve
as a reference to compare with those in the biasing phase during one discharge.
Two Langmuir probe arrays are installed at reciprocating systems in Sectors D (𝜙 =
38.2∘) and Sector B (𝜙 = 195∘), from which we named the probes: ‘Probe D’ and ‘Probe
B’. The conﬁgurations of Probe D and Probe B are shown in ﬁgure 7.1(b). Probe D is a 2D
probe array consisting of tips radially spaced 5 mm and poloidally spaced 3 mm. In each
row (poloidal), three of the tips were operated in a triple probe conﬁguration: the ﬁrst tip
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was set to measure ﬂoating potential, whereas the second and third tips were set to measure
potential 𝜙+ (with the probe tip positively biased) and ion saturation current (negatively
biased) respectively. Thus, the electron temperature can be estimated by 𝑇𝑒 ≈ (𝜙+−𝜙𝑓 )/𝑙𝑛2
[87]. Probe B is a rake probe consisting of eight radial tips spaced 2.3 mm. All tips on Probe
B were set to measure ﬂoating potentials. This setting allows simultaneously measuring
plasma modulations due to the biasing and ﬂuctuations in two poloidally / toroidally distant
locations.
Two regions with diﬀerent magnetic topology can be distinguished around the plasma
boundary of fusion plasmas: the plasma region located inwards from the Last Closed Flux
Surface (LCFS) and the Scrape-Oﬀ layer (SOL) region in which the ﬁeld lines intersect
material surfaces. Near the LCFS sheared ﬂows develop in all magnetic conﬁnement devices
due to the reversal in radial electric ﬁelds from positive (in the SOL) to negative (in the
plasma edge), thus providing a convenient point of reference in the plasma boundary region
of fusion devices. The inﬂuence of edge sheared ﬂows on turbulence and transport has been
a very active area of investigation in nuclear fusion research [28].
7.3 Experimental results
Figure 7.2 shows an example of the time evolution of biasing waveform (negative half-wave
rectiﬁed triangular wave with frequency 80 Hz and peak -340 V) and ﬂoating potentials
measured by diﬀerent tips of the Probe B (the rake). We can see that the ﬂoating potential
values become more negative for probe tips located further inwards in the plasma edge (i.e.
r < rshear). The corresponding modulation due to the biasing increases systematically as the
radius decreases (i.e. it is larger for tip B1 than for tip B8). The biasing current was measured
around 10-20 A.
Figure 7.3 compares the time-averaged ﬂoating potential proﬁles in the unbiased half-
cycle (Vbias = 0) and around the biasing peak (Vbias = −340 V) in the biased half-cycle,
which were measured by moving Probe B on a shot by shot basis from the plasma edge to-
wards the SOL region. The ﬂoating potential is negative in the plasma edge of NBI heated
plasmas, in agreement with the ion-root solution of the ambipolarity equation and neoclas-
sical predictions, and rather ﬂat in the SOL region [97]. Thus, near the LCFS 𝐸×𝐵 sheared
ﬂows are developed providing a convenient point of reference in the plasma boundary re-
gion, as shown in ﬁgure 7.3. Interestingly, biasing modulation is observed in the plasma
edge (i.e. radially inwards the shear location) but not in the SOL side.
Two complementary criteria were used to clarify the existence of potential asymmetries
within the same magnetic ﬂux surface.
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7.4 Discussion and conclusion
We have investigated the potential asymmetries in the magnetic ﬂux surfaces in the NBI
plasmas in the TJ-II stellarator using edge electrode biasing and dual-Langmuir probe mea-
surements. Matching distant ﬂoating potential signals and Long-Rang Correlation (LRC)
in the biasing phase were used as criteria to clarify the existence of potential asymmetries
within the same magnetic ﬂux surface. Experimental ﬁndings show that:
1. There is no way to match ﬂoating potential values and the amplitude of potential
modulation in measurements performed by probe arrays located at diﬀerent poloidal /
toroidal positions. The mismatch in the amplitude of modulation increases with elec-
tron temperature reaching values up to 20 V.
2. Using the amplitude of LRC as criterion to match ﬂoating potential proﬁles the mis-
match in ﬂoating potential proﬁles in the order of 10–20 V.
It should be noted that the importance of electron temperature corrections in the inter-
pretation of Langmuir probe measurements strongly depends on the measurements under
discussion. Temperature correction in the interpretation of Langmuir plasma potential ﬂuc-
tuations can be indeed very relevant [147]. But temperature correction in the searching of
plasma ﬂux surface asymmetries should be considered as second order correction as ex-
plained in our previous work [68].
Finally, some caveats should be kept in mind when interpreting these experimental ﬁnd-
ings. It might be questioned whether the observed asymmetries induced by the external
actuator (in this case electrode biasing) are reﬂecting a direct asymmetry due to the plasma
itself (e.g. intrinsic asymmetries in plasma potential on magnetic ﬂux surfaces) or/and being
introduced by the electrode. The fact that an asymmetry is observed at Vbias = 0 using the
LRC criterion (as demonstrated previously) and that the level of asymmetry does not sig-
niﬁcantly change with biasing (Figure 7.7) suggests that the asymmetry is natural and not
caused by biasing.
In conclusion, signiﬁcant diﬀerences (in the order of 10 V) between the ﬂoating po-
tential at the two probe locations were observed in the ion-root NBI heated plasmas in the
TJ-II stellarator. These ﬁndings are complementary with previous results obtained in the
proximity of the electron-ion root transition in ECR heated plasmas where ﬂoating potential
asymmetries in the order of 20 V were reported [68]. Thus, assuming that asymmetries in
electron temperature are a second order correction, plasma potential asymmetries seem to
be ubiquitous in the TJ-II stellarator.

Part IV
Conclusion

Chapter 8
Conclusions
The focus of this thesis is on the interplay between large scale ﬂows, turbulence and con-
ﬁnement in fusion plasmas. A set of experimental investigations aimed at improving our
understanding of this interplay has been conducted in tokamak (ISTTOK), stellarator (TJ-II)
and reversed ﬁeld pinch (RFX-mod) devices. The main results and conclusions are sum-
marised here.
1. The isotope dependence of local plasma turbulence scale and long-range coherent
structure has been studied in the TJ-II stellarator and the ISTTOK tokamak. In both
ISTTOK and TJ-II, the local turbulent scale increases with isotope mass. This obser-
vation would be consistent with gyro-Bohm scaling.
However, the radial correlation length of ﬂuctuations (Lr) is determined by both lo-
cal turbulence and large-scale structures (Zonal Flows). It has been found both in
tokamaks (ISTTOK) as well as stellarators (TJ-II) that the radial correlation length is
dominated by the radial scale of Long Range Correlated (LRC) structures. This obser-
vation is particularly important to unravel the dependence of the characteristic radial
scale length of turbulent structure with the gyro-radius. In particular, considering that
the low-frequency large scale structures (zonal ﬂows or GAMs) do not contribute to
plasma transport, once Lr is controlled by LRC, an increasing in Lr would not imply a
deleterious impact on transport.
The amplitude of LRCs has been found to increase with isotope mass in the ISTTOK
tokamak, while in the TJ-II stellarator the amplitude of LRCs slightly decreases with
isotope mass in the ECRH plasmas. These results provide further insight to understand
why the isotope is weaker in stellarators than in tokamaks and the role of magnetic
topologies with reduced magnetic viscosity to amplify zonal ﬂows.
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2. The inﬂuence of magnetic topology on long-range temporal correlation (Hurst ex-
ponent) and long-range spatial correlation (LRC) has been studied in the RFX-mod
reversed ﬁeld pinch and the TJ-II stellarator by taking advantages of helical magnetic
perturbations in RFX-mod and dynamic conﬁguration scans in TJ-II. It has been found
that in both devices the magnetic topology has a clear inﬂuence on the generation of
LRC and Hurst exponent. This would indicate the role of magnetic topology on ﬂow
generation and local particle dynamics.
3. In TJ-II, it has been found that the gradients of magnetic ﬂuctuation induced Maxwell
stress increases in the proximity of the L-H transition. The value of the gradient of
Maxwell stress is one order of magnitude smaller than the electrostatic ﬂuctuation
induced Reynolds stress. These results would indicate the possible role of electro-
magnetic eﬀects in the trigger of the L-H transition. However, considering that probe
measurements have not reached the transport barrier region, the role of Maxwell stress
on the ﬂow generation during the L-H transition remains as an open question.
4. A new strategy has been developed for the study of potential asymmetries in magnetic
ﬂux surfaces in TJ-II. In this method, electrode biasing is applied at the edge of TJ-II.
The response of plasma to the biasing is measured by two probe systems at diﬀerent
poloidal / toroidal positions. Using the criteria of both matching potential proﬁles and
LRCs, plasma potential asymmetries has been identiﬁed in the ion-root plasma. The
level of asymmetry was found to increase with electron temperature reaching values
up to 20 V. This is consistent with previous measurement in ECRH plasmas in TJ-II.
Then, plasma potential asymmetries are ubiquitous in the TJ-II stellarator.
The ﬂexibility of mid-size devices together with their unique diagnostic capabilities re-
ported in this thesis make them ideally suited to study the relation between magnetic topol-
ogy, electric ﬁelds and transport.
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